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THE CHEMISTRY OP THE CYANOCARBONS
Reported by William A. Hills February 6, 1958
INTRODUCTION
Compounds containing carbon atoms substituted by a large number
of cyano groups (cyanocarbons) have been known in the literature for
a long time. However, not until the work of Cairns, Middleton (l)
et al
.
, had any systematic investigations of these compounds been
made. Prior to that time, the cyanocarbons were not even recognized
as a distinct group and as a result remained almost unnoticed.
The cyanocarbons represent a group of very reactive compounds,
which not only provide routes to rather difficultly accessible
compounds, but in themselves provide a series of unusual molecules.
In this seminar the preparations, reactions, and properties of
the cyanocarbons will be discussed.
GENERAL PREPARATIVE METHODS
The preparations of the cyanocarbons are illustrative of a
variety of rather simple preparative methods and represent nothing
new or startling from a synthetic point of view. Far more interesting
are the reactions of some of these compounds and their derivatives.
Nevertheless, a few illustrations of the preparations of simple
cyanocarbons are outlined below.
A. Dehydration of Polyamides .
C-C-C-C-NHs £s°£-» NsC~C=C-C=N (2)
H2 N'
B. Oxidative Coupling of Cyanoacetylenes .
N=C-C=CCu K3Fe(CN)6 -> N=C-(C=:C) 2 -C=N (2,3,4)
C. Displacement of Halogens by Potassium Cyanide .
CN CN
KCNH-C-Br £^U H-C-CN (5)
I !
CN CN
ci -^y
H-C-Cl
CI
It is interesting to note that attempts to prepare tetracyano-
methane in an analogous manner gave the following:
CN CN
NC-C-Br £^-» NC-C-K + CN-Br (26)
CN CN
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D. Displacement Reactions Involving Cyano -Ethers .
NC Ji <f
N C
X
N
H
,
CN
;C=C + NaCH -> OC-C-H (6)
NC 0C*H* CN CN CN
E. Pyro lysis of Cyano -Esters .
CN CN
CH3 -C
/
-CN 600-^°% CH2=/ ( 7 )
>)
CU2Cl2 \n
/
O-C-CH3
F. Coupling Reactions Involving Dlbromomalonitrile .
CN NC jSl
I CuBr-C-Br ^±-»
An el
G. Free Radical Addition to Unsaturated Cyanocarbons
.
CN CN CN CN
1 i \CH3-C-N=N-C-CH3 + C
I
I
/
CH3 CH3 CN CN
CN CN CN CN
CH3-C C—C—
C
CH3 (8)
CH3 CN CN CH3
REACTIONS AND PROPERTIES OF THE CYANOCARBONS
Perhaps, of all the simple cyanocarbons prepared tetracyano-
ethylene (abbreviated TCNE), I, is the most versatile. It provides
a route to a number of more highly substituted cyanocarbons and to
a number of useful intermediates . Some of the reactions of TCNE have
been outlined by Cairns (9). However, since a tremendous part of
the knowledge of the Chemistry of the cyanocarbons stems from the
study of TCNE, a discussion of the reactions and properties of
these compounds in terms of fCNE is desirable. However, this is not
intended to imply that the reactions of TCNE and its derivatives are
completely general since no thorough studies of the chemistry of other
cyanocarbons have been made. Many of the compounds were merely
synthesized for other purposes and ho attempts were made to study
their chemistry in detail. For example, the cyanoacetylenes cited
previously were used only in the study of production of ultra-high
temperatures by their reactions with oxygen or ozone (2)
.
C
Tetra^yanoethylene, I, has been synthesized from malonitrile
by a number of methods. The most satisfactory is the dimerization
of dibromomalonitrile (l) in benzene catalyzed by copper powder. This
reaction probably involves the formation of an intermediate dicyano-
carbene which, in the absence of another reactive species, reacts with
itself. Evidence for this conclusion was obtained by repeating the
reaction in cyclohexene, a carbene acceptor. A thick oil was
obtained. Its infrared spectrum is consistent with 7>7-dicyano-
bicyclo [4 .1..0] -heptane, II. However, upon distilling this material
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only cyclohexylidenemalonitrile, III, was obtained. The latter (27)
is known. It seems safe to conclude that III formed from the thermal
rearrangement of II.
II III
Tetracyanoethylene is a colorless crystalline solid which sub-
limes readily at temperatures above 120° at atomospheric pressures.
Its high stability to heat is shown by its ability to sublime
unchanged at a pressure of 2.7 mm. through a tube containing
carborundum chips heated to 600°.
Addition Reactions of Tetracyanoethylene
Addition reactions involving the double bond of TCNE occur
with several types of reagents, including dienes, ketones, and
hydrogen (8). Tetracyanoethylene is an unusually reactive
dienophile reacting at room temperature with butadiene, anthracene
,
f3-vinylnaphthalene and other 1,3 -dienes to give tetracyanocyclo-
hexenes, IV. The ease of reaction of TCNE is even more striking
when one considers that acrylonitrile requires several days to react
with butadiene (10) while fumaronitrile (11 ) requires even more fore
ing conditions of both time and temperature to give only fair yields
of the Diels -Alder adduct.
tO
CH 2
N*
CH2
CN
N
CN
IV
The structure of IV was proven by its conversion to 4-cyclohexene-l,2-
dicarboxylic acid, V, and to 4-cyclohexene-l, 1,2,2-tetracarboxylic
diimide, VI, (8).
N-H
The high dienophilic activity of TCNE, I, may be attributed in part
to the tremendous activating influence of four cyano groups
.
Middleton (8) states that the high dienophilic activity may also be
due to the ability of TCNE to form strong /"/-complexes (12) with
various nuclei. t\ -Complex formation is detected in most of the Diels-
Alder reactions involving TCNE. However, since no evidence is avail-
able to show that TT-complex formation is involved in the rate determir
ing step of these reactions, this explanation must be taken with cautic
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Tetracyanoethylene also reacts with ketones containing a-hydroge
to form 3,f3,)^)^tetracyanoketones, MB (8). These reactions are
catalyzed by boron trifluoride or "molecular silver". The double
bond in TCNE is easily reduced by catalytic hydrogenation, hydrogen
sulfide, mercaptans, and hydroiodic acid forming Tetracyanoethane,
VIII (8).
NUCLEOPHILIC DISPLACEMENT REACTIONS OF CYAN0CAR3QNS
Tetracyanoethylene, I, is attacked by nucleophilic reagents
with the replacement of one or two cyano groups attached to the same
carbon atom. In the presence of urea, alcohols and glycols displace
two cyano groups to form dicyanoketene acetals, IX, and dicyanoketene
cyclic acetals, X, respectively.
CN OR
I ML> \--C + HCN (13)
CN OR
OH IX
s^
X(CH2 ) n -OH
CN y°\ R-CH3-;C 2H5 -
^=-0 (CHa)
n
NC XK
X
n - 2,3
Attempts to displace only one cyano group with an alkoxy group failed
On the other hand, TCNE reacts with primary and secondary
aliphatic amines and with most primary and some secondary aromatic
amines in a stepwise manner to form tricyano vinylamines, XI, and
1, l-diamino-2,2-dicyanoethyiene, XII (25).
C«N CN CN NRR'
I
RR>NH
> \=d RR ! MH
t
W
CN V-R' CN
X
NRR'
XI R XII
The assignment of these structures are based on chemical analysis
and on spectral data (25).
The reaction of TCNE may be rationalized in the following manner
The first step involves Michael -Addition of the hucleophile to the
double bond. This is followed by elimination of a cyano group (a
good leaving group) with reformation of the carbon-carbon double bond
CN CN CN
-JsN CN n-^N CM CN
B: + \=C -> B-i^CT B-C—C * \»C
CN ON VCN XCN ^CN CN B# CN
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In an analogous manner, the alkoxy group may be displaced from
dicyanoketene acetals by nucleophiles such as amines. The reactions
of these ketene acetals will be discussed later.
Tertiary and some secondary aromatic amines undergo C-alkylation
with TCNE. Thus N, N-dimethylaniline, XIII, gives 4-tricyanovinyl-
N, N-dimethylaniline, XIV (25).
CH3
NC CN
v y
+ ^>^ -> c-c
Nd \
XIII N—
\
V
CHa ^CH3
XIV
The structure of XIV was assigned on basis of its spectrum and its
stepwise conversion to 4(l-hydroxy-2,2-dicyanovinyl)i\I, N-dimethylani
line, XV, by basic hydrolysis and by the conversion of XV to 4-
dimethylaminobenzoic acid, XVI, by acid hydrolysis.
OH
ICO
N
CH3 CH3
XV XVI
Compound XV is a strong acid (Pka = 2.3). Its infrared spec-
trum suggests that it exists as a zwitterion (25). Compounds with
structures analogous to XIV are highly colored and are used as
dyes for hydrophobic materials.
Tetracyanoethylene, I, undergoes acid catalyzed hydrolysis with
the replacement of one cyano group to form tricyanovinyl alcohol,
XVII (25). This alcohol is acidic and forms very stable salts.
Base catalyzed hydrolysis of TCNE takes a surprisingly different
course, forming 1, 1, 2,2,3-pentacyanopropane, XVIII (l4).
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CN CN
|p=C> ,C=C + HCNH2 / \
CN OH
XVII
CN CN CN
21 j^q-> C=C — CH + 3HCN + C02
CN '"CN
At first it was thought that XVII was an intermediate in the
formation of XVIII. The following mechanism was proposed.
CN OH CN
xvii -^^ c=c v -: hc-c
CN OH CN OH
CN CN
\ // \
HC-C > H-C-H + C02
\ '
CN OH CN C
CN ^ CN CN CN CN
\ \ / \ /
HCl + C=C * C=-C nM/ \ / \ ^CN
CN CN CN CN C X
CN
However, this mechanism appears to be unlikely, for attempts to pre-
pare XVIII by basic hydrolysis of TCNS and XVII gave only the amount
of XVIII that would be expected from TCNE. Tricyanovinyl alcohol was
recovered unchanged. Tricyanovinyl alcohol and rnalonitrile also
gave unchanged material
.
In light of this evidence Middleton (l4) proposed the following
mechanism.
CN CN CN CN
C=C + OH -» ®)C-C - - OH
s \ /
CN CN CN CN
CN CN CN CN
I I I /
lC— — C - C — OHV i2 i \
CN CN CN CN
NC CN CN CN
/
NC
- C — i J£^oh
CN CN

_ V _
CN CN CN
/HC— C = C
CN \?N
/
CN
+ o=r
\
XVIII
v
CN
OH
CN CN
I /
HCN + 10 -C <—- JLO-C — OH
8
C02 H
Q3N
h CN .
Ammonia, XIX, hydrazine, XX, and benzamidine, XXI, also react
readily <tiH0Bp with TCNE (14). Strictures of Lhe adducts formed
are given b'elow.
CN CN CN •'CN
\ 1 1 1C—C-N=C —-C-H
/ \
CN CN
CN CN CN
H- Kj CrrN-N-C
CN
CN
C-H
\
CN
XIX XX
CN CN
\ !
^C^C-N-
CN
- C - N"
XXI
CN CN
1
CH
»
CN
As would the expected XVIII, XIX, XX, and XXI are acids, since
the anions formed from the loss of a proton would be highly stabi-
lized by resonance. PKa's for these acids are in the range of 2-3
(14).
ADDITION REACTIONS INVOLVING THE CYANO GROUPS
Tetracyanoethane, VII, readily undergoes reactions involving
the triple bands of the cyano groups on adjacent carbon atoms . For
example, VII, In presence of a basic catalyst, adds hydrogen sulfide
to form 2,5-diamino-3,4-dicyanothiophene, XXII. The latter rearrange
to 2-amino-3,^-dicyano-5-mercaptopyrrole, XXIII, on treatment with
sodium hydroxide (15).
NC CNV NC
y
V yCN
\ r
H2N NHs
N-
H
XXII
H2N SH
XXIII
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Mercaptans react in an analogous manner to give straight chain analogs
of XXII.
NC
\
NH2 -C
SR
/CN
C—NH2
!
SR
XXIV
Compounds of type XXIV also undergo cyclization to form substituted
pyrroles. However, the reaction may proceed with the elimination of
either mercaptan or ammonia (15).
A
XXIV H
NC
V
RS
-N-
I
H
CN
NH2
B
NC
\
A— N-
RS \
CN
\SR
While no thorough study of the factors which determine the
course of the reaction has been made, the following observations were
reported. V/hen R is phenyl, course A is taken; however, when R is
methyl or ethyl, course B is taken. Furthermore, when R is hydroxy
ethyl, -CH2-OH2-OH, the reaction may be made to take either course
A or B. When dilute hydrochloric acid is used course A is followed
and when co3d concentrated hydrochloric acid is used, course 3 is
followed. Vhe latter reaction is the only case where conditions were
found which would preferentially produce either pyrrole*.
Tetra^yanoethane also adds hydrogen bromide and sulfurous acid
to form 2-amino-5-bromo-3^-dicyanopyrroles, XXV, and 5-amino-3,^-
dicyanopyrrole-2-sulfonic acid, XXVI, (15), respectively. The
structures of these heterocycles were deduced from chemical analysis
and from a study of their spectra (infrared and ultraviolet).
PROPERTIES AND REACTION OF DICYANOKETENE ACETALS
All the dicyanoketene acetals synthesized by Middleton (13) are
white crystalline solids with melting points ranging between 51° and
l6l°. Dimethyl and diethyl dicyanoketene acetal, IX, are unstable at
temperatures slightly above their melting points. However, the cyclic
ketene acetals, X, are stable at temperatues up to 200°. These com-
pounds are inert to water and alcohols, even in the presence of an
acid catalyst.
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Like tetracyanoethylene, I, dicyanoketene acetals react with
nucleophilic reagents. However, in the case of the ketene acetals,
the aikoxy groups are displaced instead of the cyano groups. For
example, diethyl dicyanoketene acetal, IX, reacts with methyl amine
and ammonia to form l-methylamino-l-ethoxy-2,2-dicyanoethylene, XXVII,
and l-amino-l-ethoxyl-2,2-dicyanoethylene, XXVIII, respectively.
These structures are consistent with the infrared spectra and the
chemical analysis of the compounds
.
NC OC2H5
\ /
/c=cx
NC N
I \
H CH3
NC OC2H5
NC NHa
XXVII XXVIII
These compounds are high melting solids which are stable to heat and
water. They behave as weak acids and can be recovered unchanged by
acidification of solutions of their salts with mineral acids. Upon
boiling these vinyl amine derivatives in aqueous sodium hydroxide an
unusual reaction occurs. Cyanoform, XXIX, (25) isolated as the
tetrame thy1ammonium salt, is produced when 1 -amino -l-(2-hydroxyethoxy)
2,2-dicyanoethylene, XXX, is treated with boiling sodium hydroxide.
NC OCH2-CH2-OH
/C=Cs
NC NH2
XXIX
%T NaOHnichs ; 4cr*
CN
I
NC-C
I
CN
S(CH3 ).
XXX
+
HO-CH2-CH2-OH
Thus the elements of ethylene glycol were removed and a new cyano
group generated under conditions which usually hydrolyze cyano groups.
This reaction may be partially rationalized by the fact that the cyano
form anion is highly stabilized by resonance. Since the reaction of
amines with dicyanoketene acetals is a stepwise process, it is pos-
sible to prepare 1, l-diamino-2, 2-dicyanoethylenes which contain dif-
ferent substituents on the amino groups. In this manner 1-amino-l-
methylamino -2,2-dicyanoethylene, XXXI, (l^) was prepared.
Dicyanoketene acetals can act as alkylating agents similar to
alkyl sulfates. The products of the reactions of tertiary amines
with dialkyl dicyanoketene acetal are usually oils, but the reactions
with dicyanoketene cyclic acetals are stable crystalline solids.
These compounds are inner salts, so called "mesoionic compounds" (13)-
A typical example of such compounds is 2,2-dycyano-2-[2-(triethyl-
ammonio)ethoxy] ethenolate, XXXII, (13).
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NC .6
\ /
c=c
NC \)CH2-CH2N(C2H5 )3
XXXII
Similar adducts are formed from the reaction of dicyanoketene
cyclic acetals with aikyl sulfides, thioureas, thioamides, and thio-
semicarbazides . The structures of these compounds were assigned on
the basis of their infrared spectra and the product obtained from
their hydrolysis. The hydrolysis of a typical salt, pyridinium dicy^
anoketene ethylene acetal adduct, XXXIII, gives l-(2-hydroxyethyl)
pyridinium chloride, XXXIV (13).
NC 6
C=-C ^0-> HO-CH2-CH2-N y X
NC 0CH2 -CH2 -]jK ^X
xxxiii XXXIV
Mesoionic compounds are stable, relatively high melting solids.
Most of them are soluble in hot water and insoluble in most organic
solvents
.
The value of dicyanoketene acetals as synthetic intermediates
Is further demonstrated by their reactionswith a number of nitrogen
bases such as hydrazine, hydroxylamine, and amidines to form hetero-
cyclic molecules. Just as with TCNS these reactions involve dis-
placement of alkoxy groups followed by addition to the triple bond
of the cyano group. Substituted pyrazoles, isoxazoles and pyrimidines
are obtained.
Hydrazine reacts with 2, 2 -dicyano-1, 1 -ethylene -dioxyethylene, X,
to form 5 -amino -4 -cyano -3, 2-hydroxyethoxy pyrazole, XXXV (lc).
NC OCH2-CH2-OH
NC — C H2 \ /\ / NH2NK2C=C "u- 1Ui2 >
NC '0— CH2
^N^-N
H2N H
XXXV
Compound XXXV (lo) reacts with ethyl acetoacetate to give a substi-
tuted pyrozolopyrimidine, XXXVI.
CH3
-Y \ .-CN
,N^ ^LoCH2 -CH2-OH
CH
XXXVI
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In a similar manner 5-amino-3-ethoxy-^-cyanoisoxazole, XXXVII,
was prepared by the reaction of hydroxylamine with diethyl dicyano-
ketene acetal, IX; and substituted pyrimides, XXXVIII, were prepared
by the reaction of the dlcyanoketene acetals with amidines
.
NC. OC2H5
H2N "0
XXXVII
OR
NC- N
XXXVIII
-R
R« - CH3-, 0, NH2
The sulfur analog of dicyanoketene acetal reacts with amidines in a
similar manner. Thus 2, 2-dicyano-l, 1 -dimethyl thioethylene reacts
with phenylamidine to form 5-cyano-6-methylmercapto-2-phenylpyridine,
XXXIX.
SCH3
H2N^ K
XXXIX
The structures of the above heterocycles were assigned on the basis
of functional group analysis, chemical analysis and from infrared
and ultraviolet spectra (l6).
It is surprising that attempts to synthesize pyrimidines with a
6-amino-l-(2-hydroxyethoxy) -2, 2-dicyanethylene gave only the 6-
(2-hydroxyethoxy) pyrimidine, XXXX, (16).
NC /OCHs-CHs-OH
'C=C
NC NH2
NH2
+ R-C=NH
H2N
However, a 6-aminopyridine, XXXXI, was prepared by the reaction of
l-amino-l-chloro-2, 2-dicyanoethylene and benzamidlne (16).
NH2
NC 7NH2
\ /
C=C
NC-C 'CI
NH NC.
+ 0-C ->
\NH2
'N
H2N "^-N^
XXXXI
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NUCLEOPHILIC SUBSTITUTION ON SILICON
Reported by D. E. Frankhouser February 13, 1958
INTRODUCTION
Any discussion of the chemistry of organosilicon compounds is
difficult without reference to the chemistry of analogous carbon
compounds. With silicon immediately beneath carbon in the periodic
table, it is certainly reasonable to assume that the reactions of
organosilicon compounds should be similar to those of carbon com-
pounds. Indeed, when the first organosilicon compound was synthe-
sized, it was thought that this would open the door to a whole new
branch of chemistry in which silicon would take the place of carbon
Subsequent research in the field of organosilicon chemistry was di-
rected primarily toward showing the similarities in the two branche
of chemistry. Kipping, who did much of the fundamental work in thi
field around 1900, had this purpose in mind when he succeeded in
demonstrating the tetrahedral bonding to silicon by showing optical
activity in compounds having four different groups attached to sill
con. At the end of 44 years of work, Kipping was sadly forced to
conclude that the field of organosilicon chemistry did not match
the field of carbon chemistry, and, in fact, the differences bet-
ween the two fields were greater than the similarities. This
feature is brought out clearly by the fact that no organosilicon
compound has ever been found in nature.
In comparing silicon to carbon we find that both elements have
a normal covalency of four and have normal tetrahedral bonding.
Under favorable conditions, however, silicon can have a coordina-
tion number greater than four. Silicon is less electronegative
(more metallic) than carbon and is also larger and heavier (l).
One of the most common reactions of organic chemistry is nucleo
philic substitution at a saturated carbon atom.
Yi + R3 C-X -» Y-CR3 + X~
An analogous reaction also occurs with silicon.
YI + R3S1-X -> Y-SiR3 + X~
This seminar will deal with reactions of this general type. Exam-
ples of nucleophilic substitution on silicon will be given along
with a discussion of the mechanism of substitution. Syntheses of
organosilicon compounds mentioned as examples will not be discussed
since such a discussion would constitute a seminar in itself. No
attempt will be made to cover the entire field of nucleophilic
substitution at silicon, and certain reaction types, such as acid
catalyzed reactions and polymerization, will not be considered.
I. DISPLACEMENT OF HALIDES
In carbon chemistry the simplest and most studied example of
nucleophilic substitution is the solvolysis of alkyl or aryl
halides. That the reaction can proceed by two limiting mechanisms
has been shown experimentally many times over, and Ingold's dis-
tinction between S„l and S^,2 mechanisms is familiar to all.
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Probably the simplest example of nucleophilic substitution on
silicon is also the soivolysis of triorganosilyl halides, which
undergo the same general types of substitution reactions as carbon
compounds
.
By analogy to carbon compounds, triorganosilyl halides should
undergo soivolysis by either Sj^l, S^2, or by both. Since silicon
is more metallic than carbon, it might be expected to form a posi-
tive ion even more readily than carbon. Thus, a silyl halide should
ionize quite readily under S^l conditions to f&rm a siliconium ien
intermediate
.
There is quite good evidence, however, that siliconium ions are
not readily formed. Cryoscopic and conductivity measurements with
several silanols in sulfuric acid have shown that siliconium ions
are not formed to any great extent (2). Conductivity measurements
of triphenylsilyl chloride in liquid sulfur dioxide also show no
evidence of siliconium ions in that solvent (3).
No organosiiicon compound which contains a silicon-carbon
double bond has ever been found, and there is no evidence that such
a linkage exists. This property is not peculiar to silicon but is
shared by most elements outside row one. The reason for the non-
existence of the siliconium ion might be that the positive charge
on silicon cannot be distributed by resonance interaction with
substituent groups, as with carbonium ion. This charge distribution
would require large contributions to the resonance hybrid from
structures involving double bonds between silicon and carbon. It
is possible that such contributions to the resonance hybrid are
small and that the siliconium ion is so unstable that it cannot be
detected.
Siliconium ions are favored in some instances because, by
going to "Che planar carbonium ion, there is relief of steric strain.
The silicon atom is 50% larger than carbon, however, and its tetra-
hedral configuration should be less sensitive to steric strain.
Consequently, relief of steric strain should not be as important (l).
The ultraviolet maxima of tri-(p-dimethylaminophenyl) -carbinol
shift markedly to longer wavelengths in acid solution. This is
because a very stable carbonium ion is formed, stabilized by
resonance interaction with the amine group.
Me
Me'
>N^ "^V^C etc.
The analogous silicon compound, tri-(p-dimethylaminophenyl) -silanol,
showed no absorption shift in acid solution, which seemed to indi-
cate that a siliconium ion is. not formed (4).
Thus, it seems that nucleophilic substitution reactions on
silicon should not take place by ionization to form siliconium ions
(Sfljl). This theory is supported very well by kinetic studies.
Triphenylsilyl fluoride solvolyzes 107 times faster in the presence
of hydroxyl ion than in 50/o acetone -water, whereas triphenylmethyl
fluoride reacts at the same rate regardless of pH (5). Introduction
of phenyl groups into silyl halides decreases the rate of hydrolysis,
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in contrast to the great enhancement of rate by substitution into
methyl halides. Under conditions favorable to the S^l mechanism,
introduction of alkyl substituents into a silyl halide, which should
enhance solvolysis rate, causes a decrease in reaction rate (l).
In all the cases of nucleophilic substitution on silicon studied,
the reaction was first order in nucleophilic agent. Kinetic studies
showing the relationship between para and meta substitution on
reaction rate, show tiiat electron donating groups decrease reaction
rate and that the reactions have a positive Hammett rho
.
If an Sjjl mechanism is ruled out, it remains only to determine
whether nucleophilic displacement on silicon occurs by the conven-
tional S^2 mechanism or by a different mechanism unique to silicon.
At the present time there is disagreement over this point.
The first kinetic study of the hydrolysis of a triorganosilyl
halide was done by Swain, Esteve, and Jones, in 19^5 (b) • By use
of triphenylsilyl fluoride (trisyl fluoride) and triphenylmethyl
chloride for comparison, it was found that introduction of three
p-methyl groups into trisyl fluoride decreased the rate of hydro-
lysis in 'jO'p acetone -water by a factor of about j. This indicated
that in the transition state silicon was less positive than in the
ground state. This fact could only be explained, according to
Swain, by postulating a pentacovalent silicon intermediate.
Silicon, possessing vacant orbitals, can expand its valence shell
to more than eight, and stable silicon compounds with a coordina-
tion number greater than four are known.
H2 + (C 6 H5 )3SiF fast
H+
"s
./
C5H5
I
O-Si-F
H' ' \CeHs C6H5
slow H \
-> 0-Si(C s H5 )3 + F'
H/
The possibility that the first step is slow and the other fast
was ruled out because triphenyl chloride reacted faster than the
corresponding fluoride. If step one were rate -determining, the
fluoride, being more electronegative, should have reacted faster by
giving a more electrophliic silicon atom. The positive salt and
solvent effects were consistent with the mechanism because there is
greater charge separation in the transition state.
For many years nucleophilic displacements were interpreted on
the basis of this evidence. Subsequent work (to be cited later)
lends support to this theory, but there has never been any clear
evidence for the existence of an intermediate in the reaction.
At present the evidence for this mechanism remains inconclusive.
A simpler explanation is that the mechanism is a modified S^2
mechanism in which bond making predominates over bond breaking.
The electron requirements of the Sn2 mechanism are not completely
understood; in some cases Sn2 reaction is aided by electron supply,
while in other cases it is aided by electron withdrawal. In certain
cases, both types of groups may increase reaction rate. Therefore
the S]^2 mechanism cannot arbitrarily be ruled out because increased
electron supply lowers the reaction rate.
r-
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°l? the results of the reaction of triisopropyl-silylchlonde with methanol and water In inert solvents (6)
TABLE I
f"
P
?Xf
C1
f™?
H
«H v
Etf^ /°
4 k
^ i-^SiCl ROH Et4NCl 10* k,(M) vol %) X (M) (sec." 1 ) M) (vol %) (fa (sec -*
)
(in MeN02 - MeOH) ~ (in dioxant)
j
°'°5
-,5 " " ^^ 0.01-0.02 MeOH
°'^ 10 " ~ 7.6 0.03 MeOH
0.0^ 10 CI 0.01 10.5 0.03 MeOH0.03 10 C104 0.01 9.0 0.01 hIo
°' 03 15 - - 18.7 0.03 H2
0.03 H2
0.01 H2
The table shows that the reaction is more strongly facilitatedby the more polar solvent, (nitromethane) . Salt effects are posi-tive arid more marked in dioxane. The results in dioxane clearly
show the greater reactivity of water than of methanol. The firstorder rate constant changes more rapidly than the concentration ofthe nucleophilic reagent; this could be a result of a higher orderwith respect to the nucleophile or a medium effect.
The rate of alcoholysis of triisopropylsilylchloride varied
f-PrOH10-*
alcohol used; relative rates were MeOH 1; EtOH 10"1
;
In isopropylalcohol (which is unreactive) a linear relationshinbetween the first order rate constant and initial concentration of
P
nucleophile was observed. A second order rate constant was obtained
p
d Jl1! J flrSt.°rd^ constant ^ the initial concentration of
sfln??w?;^ ^aSen.' - ThetZ 8econd order constants did not varyignificantly, thus showing that the reaction is first order withrespect to nucleophilic reagent (either methanol or water)? Salteffects were small and positive.
The solvolysis rate of trisubstituted silyl chlorides (R«qin )
was dependent upon the group substituted in R ft)? For the compoundsstudied, the rate decreased in the order
phenyl ~>-isopropyl >> cyclohexyl >*• 1
-naphthyl
.
The halogen
-exchange reaction between triorganosilylchloride
Snetics (7)
Chl °r±de l0n was fast and followed fecond order r
Recently a chloride substituted bridgehead silicon compound (i)
was synthesized. In marked contrast to the carbon analogthis compound was rapidly hydrolyzed by moist air (8).
The simplest mechanism to account for the experi-
mental facts would be a nucleophilic displacement in
cl whJ
ch hallde is displaced in a one -step process by thehydroxylic solvent. The reactivity of compound I seemsi to indicate that rearward attack may not be involved,
™+-
-4. 4 *.i
and
?
hat ln thls aspect, displacements on silicon arenot strictly analogous to SN2 displacements on carbon.
Si
'•
.
•
1 L
i\ :.CO'i
. v y
'C
: i
<
: f
.:V- .
- 17 -
II. DISPLACEMENT OF HYDROGEN
A very interesting reaction, which has no strict analogy in
carbon chemistry, is the alkaline cleavage of the silicon-hydrogen
bond of triorganosilanes to liberate hydrogen gas (9*10). The
increased reactivity of the silicon-hydrogen bond is most likely
caused by its much greater polarity.
R3Si-H + Y~ + S-H —-> R3Si-Y + S~ + H2
Y = OH", R0~, NH2 ~ S-H = solvent - HOH, HOB, liq. NH3
Careful analysis of the evolved gas showed it to be hydrogen (9).
That each molecule of hydrogen obtained by hydrolysis of silanes
contained one atom of hydrogen from the silane and one atom of hydro-
gen from solvent was established by isotopic labeling (ll). Iden-
tical results were obtained when the hydrolysis was run either with
deuterated silane in normal solvent or with deuterated solvent and
normal silane. Isotopic analysis showed it to be predominantly H-D.
This indicated that a hydride ion is split off from the silane.
The hydride ion accepts a proton from solvent to form hydrogen gas
in much the same manner that sodium hydride liberates hydrogen in
ethanol
.
The first kinetic study was made by F. Price (9) in 19^7. By
use of diethylmethylsilane in aqueous ethanolic potassium hydroxide,
the rate was followed by measuring the amount of hydrogen evolved.
The reaction was first order in silane, since the half-time remained
constant at constant hydroxyl concentration, regardless of the ini-
tial silane concentration. The first order constant changed linear-
ly with initial hydroxyl concentration, and a second order constant
was obtained by dividing the first order constant by the initial
hydroxyl concentration. The second order constant obtained did not
vary significantly. Therefore, a rate expression was formulated
by Price as rifc.^^-)
-
d(3
^
ane;
= k2 (silane)(OH~).
Recent work has shown that, when hydroxide is added to ethanol
containing a small amount of water, a large fraction of the total
base present is in the form of ethoxide ion (12). Thus, both
ethoxide and hydroxide may act as nucleophiles, and both a silanol
and a silicon ether should be formed. By hydrolyzing silanes in
ethanol labeled with tritium on the methylene carbon, a significant
fraction of the products obtained contained labeled ethoxysilanes
(ll). Therefore Price's rate expression was not completely accurate,
since it should have included both hydroxide and ethoxide Ion con-
centrations . A linear relationship between hydroxyl concentration
and rate constant was observed, because the ethoxide concentration
was proportional to the hydroxyl concentration. However, the import-
ant result was that the reaction was first order in nucleophilic
agent, which suggested anS^2 mechanism.
Since the reaction was overall second order, Price reasoned by
analogy to the S^t2 mechanism that steric effects might be involved.
To test this hypothesis the second order rate constant was deter-
mined for a series of trialkyisilanes (9). The rates showed a
general, but small, trend with change in structures, as shown in
Table II:

34.4
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TABLE II
k2 (min . 1 mole -1 1.) 4.47"
diethylnethyl
triethyl
dimethyl propyl
dipropylmethyl
tripropyl
0.137
0.093
0.364
0.106
0.0409
0.329
0.219
0.779
0.241
0.096
These rate constants show the same general variation in magni-
tude with structure as found in carbon chemistry in compounds under'
going nucleophilic attack by the S^2 mechanism.
In another more recent study (13) the effect of structure on
reactivity has been borne out even more strikingly. The rate cons-
tants for hydrolysis of triorganosilanes in 94.3$ ethanol with
1.12 M sodium hydroxide are given in Table III:
R
ki (min." 1 ) 34.9°
k x (min." 1 ) 23-3°
E* kcal./mole
log A
Relative Rates (34.9°)
TABLE III
Ethyl n -propyl n -butyl i -butyl i -propyl
. 0b33
0.226
13.9
10.1
100
0.0233
0.00853
16.8
10.3
40
0.0174
0.00587
16.8
10.2
27
0.00261
0.00832
9.7
9.7
4.1
0.00139
0.00431
10.0
10.0
2.2
The order of decreasing activity is either
electron release in
in rate, or that of
that of
the radical, which is known to lead
steric hindrance to reaction.
increasing
to a fall
The closely related hydrolysis of triarylsilanes (l4) gave very
interesting results. By determining the effect of various meta -
and para -subs titutents on the rate of hydrolysis of these silanes,
some indication of the electrical interaction involved should
become apparent. A very convenient method for doing this involves
the Hammett relationship. With substituents, p-Cl, H, m-CH3,p-CH3,
m-N(CH3)2> P-OCH3, and p-N(CH3)2 the rates followed the Hammett
equation with a rho of + 3.09> indicating a negative charge in the
transition state at the reaction site.
A hydride ion, being very reactive, should not have a long
existence. Since hydride ion interacts with solvent by accepting
a proton, there is a question of whether or not this reaction with
solvent occurs in the rate determining step. There is some evidence
that solvent interactions occur in the transition state (ll). The
isotope effect, when tritium was substituted for hydrogen in
triphenylsilane, increased upon changing from piperidine-water
solvent to ethanol -water-potassium hydroxide solvent. Also,
tripropylsilane reacted faster in normal aqueous ethanolic potassium
hydroxide than in an otherwise identical deuterated solvent. The
transition state for the alkaline hydrolysis might be formulated as
OH
RsSi.... H--H»- -S where the dotted lines represent bonds in vari-
ous stages of breaking and forming. The observed effects were small,
however, and more work is needed to elucidate the role of solvent.
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The effect of ring size on reactivity (15) of some silanes is
shovm in Table IV.
TABLE IV
(in aqueos ethanol) ki (min.
-
1
)
OH' (M) 25° 35°
II. C2H5 ^CH3
xSi
C 2H5 ' XH
III.
x £H3
Si
l.8 cj
0.256
0.256
0.06^9
0.0263
0.3^5
0.151
0.0621
IV.
X
-v ./CH3
Si
I.85
0.256
0.0117 0.0326
0.00913
The data show that II reacts more slowly than III by a factor
of about 13, while IV reacts more slowly than II by a factor of
about 6. The seven membered ring compound was impure, but quali-
tative experiments showed it reacts faster than II but slower than
III. These results are in accord with the I-strain theory (16),
assuming silanes react to form a five-coordinated transition state
Recent work (17) has shown some very interesting results
concerning the stereochemistry of substitution at a silicon atom.
The relative rates of hydrolysis of silanes with hydroxyl ion in
95/£ ethanol are:
(C 2H5 )3Si-H
^SiX \
CH3 H
104 -105
Si/ \
CH3 H
10
Si
y x
CH3 H
10- 1
The very great rate for the bridgehead compound compared with
that for the open chain compound is completely different from that
of carbon chemistry.
These results were explained according to a preliminary
hypothesis advanced by Sommers (8). A silane and the attacking
reagent form an addition complex whose geometry approaches that of
a trigonal bipyramid with dsp3 bonding. However, the entering and
leaving groups need not occupy the apices of the pyramid. Instead
of an angle of near l8o°, the entering group may form an angle of
near 90° with the group displaced and the central silicon atom.
Thus, in the reaction with hydroxide the geometry of the Si (5)
addition complex would approximate one of two idealized structures
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(1) a = H, b = OH
(2) a = OH, b = H
/CH3N
-Si
i
An Sm2 displacement is not precluded since the transition state
in the silicon reaction may have
carbon reaction.
a different geometry than in the
Before leaving Si-H bond cleavage, another reaction, which has
no analogy in carbon chemistry, should be mentioned. Triorgano-
silanes and silver perchlorate react in toluene with precipitation
of silver and evolution of hydrogen (l8). After treating the
reaction mixture with dilute alkali, silanols and their derivatives
are obtained in 90$ yield. The rate was second order with respect
to silver perchlorate. A mechanism involving nucleophillc attack
by perchlorate on silicon and electrophilic attack by silver ion on
hydrogen was proposed.
The reaction is sensitive to stereochemical changes as shown
by the relative rates
:
Et3 SiH
1
n-Pr3SiH
0.5
n-Bu3SiH
0.35
i-Bu3SiH
0.013
i-Pr3SiH
0.001
III. DISPLACEMENT OF CARBANIONS
Silicon-carbon bonds are considerably more reactive than carbon^
carbon bonds toward a number of reagents, especially alkali.
Alkylsilanes are quite stable toward alkali. Substitution of halo-
gen, however, leads to less stable compounds, which are more easily
hydroiyzed. For example, trichloromethyltrichlorosilane is hydro-
lyzed rapidly with water at room temperature.
Cl 3C-SiCl3 + HOH -> C1 3CH + Si02 + HC1
But hexachloroethane is not even cleaved by alcoholic potassium
hydroxide at 100°. Lower chlorinated products of methyltrichloro-
silane require alkaline conditions (l).
Substituents which tend to increase the polarity of the silicon'
carbon bond have a large effect on the stability of the bond. The
requirements of substitution of halogen and oxygen on silicon and
carbon have been shown by Krieble and Elliot (19) . These can be
best summarized by using a generalized formula of the type
X3C-AY3
where A is either a carbon or silicon atom.
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When A = carbon, cleavage occurs only when all the X atoms are
halogen and at least two valences of A are oxygen. The familiar
haloform reaction illustrates this.
BrsC-CR + OH
II
-> Br3 CH + HOCR
With less halogen substitution in X, hydrolysis of the C-X bond
becomes competitive.
When A = silicon, cleavage of the silicon-carbon bond competes
successfully with hydrolysis even when only one X is halogen and one
Y is oxygen, proceeding under moderate conditions. A trend toward
greater ease of cleavage is evident as halogen substitution is
increased.
Cleavage of the silicon-carbon bond is brought about by initial
nucleophilic attack on silicon with displacement of the leaving group
as an anion, which immediately acquires a proton from the solvent.
HO" + -Si-C-
"C- + HS
-» HO-Si- + ~C-
-) H-C- + S
Cleavage of tetraorganosilanes of the type RaSiCIfeX occurs
rather easily if X is an electron withdrawing group. The following
reactions are illustrative:
R3S1CH2SO2CI + OH'
R3SiCH2CY + OH'
--> RaSiOH + CH3SO2CI
Q
-> R3S1OH + CH3CY
(20)
(21)
Y = OH, OR, alkyl.
The mechanism of the reaction is formulated (21 ) as:
HO ^si-cptS-c-y
w 9
—> HO-^i + CH2=C-Y
OH
CH2-C-Y —> CH2=C-Y > CH3-C-YH?
When the silicon-carbon bond is at an allyl position, cleavage
readily occurs because the negative charge on carbon in the transi-
tion state is distributed by resonance. The cleavage can be accom-
plished with methanolic potassium hydroxide.
(CH3 )3Si-CH2 -CH=CH2 + 0H~ ^^-> (CH3 ) 3SiOH
+
CH3 -CH=CH2 + CE3O' (22)
OH +
Me3 Si
-» Me3 SiOH + HS
y
~> > (25)
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Aryl groups substituted on the alpha -carbon should enhance
cleavage by electron withdrawal. The electron attracting properties
of a group may be evaluated by a comparison of the acidity of the
corresponding hydrocarbons, the more electron attracting group being
the strongest acid.
R-H ^=^ R~ + H
+
A partial series listed according to decreasing acid strength is as
follows
:
(indene^ fluorene ) > triphenyl methane > diphenyl methane y toluene )
benzene y alkanes
.
The ease of hydrolysis of aryl substituted silanes was shown by
Gilman (24) to correspond closely to acid strength.
RSi(Me) 3
R = (phenylethynyl'r^l-indenyl ^9-fluorenyl) y triphenylmethyl>
benzhydryl y benzyl > £-naphthyl > phenyl > 2-phenylethyl > hexyl.
When the silicon is bonded to a reactive methylene position,
cleavage is facilitated because the usual polarity, Si-CT, is enhanced
with consequent increase in bond reactivity. The 9-position in fluo-
rene is such a position, and hydrolysis of 9-fluorenyltrimethylsi-
lane, V, was investigated to determine the effects of substitution
on reactivity (25).
Cleavage was clearly facilitated by
electron-withdrawing substituents at the 9-
position and at the 2 and 7 positions. Both
the 2,9-dibromo- and 9-bromo-2-nitro- .
compounds were completely cleaved by boiling
aqueous ethanol in one, and in one and one-
v
half hours, respectively, while 2,7,9-
tribromo-9-trimethylsilyl fluorene was com-
pletely cleaved with aqueous acetone at room temperature in one -half
hour.
The silicon-carbon bond of trimethylsilyl substituted picolines
should be reactive since the c^> -hydrogen atoms of the picolines are
acidic
.
CH2SiMe3
i
SiMe3
N
VII
-CH2SiMe ; N
VIII
/SiMe3
CH
xSiMe3
Cleavage by boiling aqueous ethanol and by alcoholic potassium
hydroxide both gave the same order of reactivity, VI > VII > VIII.
For example, with base VI was cleaved completely in one -quarter hour,
VII in eight hours, and VIII only very slowly. The lower reactivity
of VIII is due to steric hindrance to solvation and to electron
release from silicon (26).
i•
,.
..-'.. .....
•_• \ ./j. i.Cl . • • :
Ivsx-
.. : v
• C
;VO'>
- i-
:j
. r ...
,
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In certain cases silicon-carbon cleavage is accompanied by
P-elimination (27).
ClCH2CH2SiR3 + OH' £^-> SiR3OH + CH2=CH2 + Cl~
CI
CH3-CH-CH2SiR3 + OH" ^U SIR3OH + CK3~CH=CH2 + Cl"
The mechanism can be formulated as being initiated by nucleo-
philic attack on silicon, resulting in electron transfer to give
^-elimination.
R
HO + ^Si-CH2CH2Cl
R
<T\
R
-> HO-SiXD + CH2=CH2 + ClR
R
A somewhat similar reaction occurs when triphenylsilanecarboxy-
lic acid and its esters are treated with catalytic amounts of base
(28). Complete decomposition of the acid or ester results with
evolution of carbon monoxide and formation of triphenylsilanol
.
A possible mechanism is as follows:
RO
C S H5
\ /v
p ^Si-C-OROr ''6J.15 /
C6H5
R
CsHs
/
-» RO-Si^p „\ Ceh5
C 6 H5
+ CO + OR
H, Me, Et.
An interesting rearrangement occurs when compounds of the type
Me
Ar~$i-CH2C1 are treated with sodium ethoxide in ethanol (29). Tolu-
Me
ene derivatives are isolated, being formed by 1,2-migration of the
aryl group from silicon to carbon, followed by cleavage of the sili
silicon-benzyl bond. A possible mechanism involved initial nucleo-
philic attack of ethoxide on silicon with simultaneous phenyl
migration and chloride separation.
Me Me
EtO ^Si-CHa-Cl
I
_>
Ar
Me
-> EtO-Si-CH2Ar + Cl
Me MeOEt
-> EtO-Si-OEt + CH3 Ar
1
Me
The thermal decomposition of silane carboxylates can also be
included here since the mechanism may involve internal displacement
on silicon (30)
.
11
R3 Si-C -->
0-R
-
/*»'
R3Si—
C
-> R3 SiOR' + CO
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Kinetic data are available only for the alkaline cleavage of
benzyltrimethylsilanes (31 ).
X^X /v>-CH2 -SiR3 + 0H~ > X~X ^~CH3 + HOSiR3
> s » *—
.
The reaction was followed spectrophotometrically and was first
order in both silane and alkali concentration. Cleavage is very cl
clearly facilitated by electron withdrawal in X. The substituent
effect of X on rate agrees markedly with the Hammett sigma values of
X. Plotting k2 against sigma gives a straight line with slope
+ 4.88 (rho) provided the sigma* value for £-nitro group is used.
This high rho value shows the high sensitivity of this reaction to
polar influences. Electron withdrawal in X facilitates the reaction
by increasing the ease of separation of the benzyl group with the
electrons of the Si-C bond.
Benzyltriphenylsilane is cleaved more readily than benzyl-
tritolylsilane so that electron release to silicon hinders cleavage.
This is consistent with the mechanism of nucleophilic attack on
silicon discussed earlier.
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THE OXIDATION OF ORGANIC SULFIDES TO SULFOXIDES
Reported by G. F. Fanta February 17, 1958
INTRODUCTION
The sulfoxides are a class of compounds having the general
formula: R 2 SO, where the oxygen is bonded to the sulfur atom by a
bond which is accepted by most workers as being semipolar. On
examination of the literature, one will find a great variety of
preparative methods for the oxidation of sulfides to sulfoxides.
A considerable amount of mechanistic work has also been done on
these reactions. This seminar will primarily be concerned with
the mechanisms of these oxidations. However, some of the synthetic
methods for the preparation of sulfoxides from sulfides will be
briefly reviewed.
METHODS OF PREPARATION
to
One of the most widely used reagents for oxidizing sulfides
sulfoxides is 30 per cent hydrogen peroxide in either acetone
or acetic acid. Long chain sulfoxides have been obtained from the
corresponding sulfides in yields of about 75 per cent oy
procedure (1
this
C16H34SCH3 + Ha 2 {30$) Ci 6H34SOCH3
However, not all sulfides will produce sulfoxides in good yield by
this method, for in many instances the product is badly contamina-
ted with sulfone and difficult to purify.
Nitric acid oxidations of sulfides have sometimes been found
to produce sulfoxides free of sulfones where other methods failed.
// \~ SCH3 +
OCH3
HNO acetic .3 anhydride / •V-SOCH3 (2)
rV
OCH;
Bordwell suggests that the failure of the oxidation to go past the
sulfoxide stage may be due to the formation of a sulfonium salt
which would be resistant to oxidation (2).
ArSCH3 + 3H0N02 [ArSCH3 ]
+ 0N0 2 + 2N0 2 + H2
OH
Since sulfoxides are weak bases, they probably exist to a great
extent as sulfonium salts in the presence of strong acids (2).
Peroxy acids have frequently been used as oxidizing agents.
The following equations will serve as examples:
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\y.S / -\ S -// Vy + C 6H5 C03H(2 mol. )
v-=-r
8
--w
^3- s°-^3- soh^3 ( 3
}
W / VmV
(CH3 ) 2NCH2CH2CH2SCH3 + CH3CC3H (l mole) —> (CH3 ) 2NCH2CH2CH2SOCH3
(4)
(C 6H5 CH2 )2S +
r
<'^- C° 3H (1 mole) —> (C 6H5 CH2 ) 2SO (5)
"•CO2H
1
Some mechanistic studies involving oxidations by perbenzoic and
substituted perbenzoic acids will be presented later in the seminar
Edwards and Stenlake have shown that both chromic acid in
pyridine and manganese dioxide in petroleum ether are suitable for
sulfoxide preparation (10). Sodium hypochlorite (Clorox) (6,7)*
liquid dinitrogen tetroxide (8) and iodosobenzene (9) have also
been shown to be valuable. The chromic acid-pyridine combination
was found to oxidize di-n-butyl sulfide to the sulfoxide in 49 per
cent yield without a trace of sulfone, while the same sulfide
produced sulfoxide in 71 per cent yield when reacted with manganese
dioxide in petroleum ether. Dibenzoyl and diacetyl peroxides have
also been shown to oxidize sulfides to sulfoxides (22).
Both organic hydroperoxides and oxygen itself may be employed
as oxidizing agents. Since a considerable amount of mechanistic
work has been done on these reactions, they, along with the perben-
zoic acid oxidations, will constitute the remainder of this seminar
MECHANISTIC STUDIES
Peracid Oxidations
In 1953^ Overberger and Cummins studied the mechanism of the
oxidation of p,p ' -dichlorodibenzyl sulfide by perbenzoic and para -
substituted perbenzoic acids (11).
[Cl_// \-CH2 I S + X-/' A-CO3H > f Cl-/r ~\V-CH2 ) SO
V \=J j 2 \._v \ \=j )2
+ x // ~\y..co 2Hi >
Rate data were obtained for perbenzoic and para-methoxyperbenzoic
acid in toluene and also for perbenzoic, p-rnethoxy-, p -methyl-,
p-chloro- and p-nitroperbenzoic acid in isopropyl alcohol. In all
cases studied, the reactions were overall second order.
The effect of added benzoic acid on the oxidation rate was
measured at -20,
-JO and -40 degrees for peroxybenzoic acid in iso
propyl alcohol. At these temperatures, a benzoic acid concentra-
'.
:
,.j>- - •- '
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tion of . 01M. did not change the rate constant, and the second orde:
rate law continued to be accurately obeyed (11 ). This served to
prove that any benzoic acid formed as a reaction product did net
catalyze the reaction. A change in solvent, however, exerted a
measurable effect. In toluene the rate constants of perbenzoic
and p-methoxyperbenzcic acids v;ere greater, and both the activation
energies and entropies of activation were less than when the reac-
tion was run in isopropyl alcohol. Also, the oxidation rates
increased with increasing election attracting power of the para
substituent. The following data were obtained using perbenzoic
acid:
-
- E - i-
Solvent Temp, k (l.mole~ 1 sec 1 ) a (heal. mole 1 ) S' (-35 5
Toluene -45 4.17 + 0.21 5-2 + 0.3 -3^.
I -propyl -20 0.82 + 0.0-4 9.6 + 0.5 -22.3 + 1.7
alcohol
A plot of log k/k vs. the Hammett o~ values gave a straight line
with a f value of +1.05-
The rate of oxidation of p,p' -diehlcrodibenzyl sulfide by
perbenzoic acid in isopropyl alcohol containing magnesium perchlor-
ate at a concentration of .01M. was measured at -20 degrees. The
added salt did not change the rate beyond experimental error. This
agrees with the evidence supporting a second order reaction, for
the absence of a salt effect rules out any first order reaction
involving the ionization of the peracid as the rate determining
step. Therefore, on the basis of the evidence given above, the
following mechanism was postulated:
.0----H n r «.
\ / \ *~ ~ / i \ - /
^0
0- - -
-H,
'.A
/
\V.c. b
ZJ \v
'0- '*
-- s
Transition state (+)
— H
|
(t) R-/~ \~c' + 10*- Sj
The fact that the oxidations proceed faster in toluene than in
isopropyl alcohol with lowered energies and entropies of activa-
tion suggests, as does the absence of a salt effect, that ions are
not formed in the rate determining step. In a non-hydroxylie
solvent with a low dielectric constant such as toluene, it is
likely that the peracid is in the cyclic firm; while in isopropyl
alcohol, the peracid may be strongly solvated thus hindering in-
ternal hydrogen bonding. The absence of both a salt effect and
catalysis by benzoic acid are consistent with the cyclic structure
for the transition state.
Oxidation with Hydroperoxides in the Absence of Oxygen
Bateman and Hargrave have studied the interaction of cyclo-
hexyl methyl sulfide with t-butyl and 2-cyclohexenyl hydroperoxide
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in alcohol solvents (12). The general reaction studied was as
follows:
( SCH3 + R0 2H / V S0CH3
(R equals (CH3 )3C- and
The reactions were follovred by the disappearance of hydroperoxide
and the formation of sulfoxide, methods having been developed which
allow these groups to be estimated in the presence cf both sulfides
and alcohols (13; • Control experiments in the absence of sulfide
showed that the decomposition of the hydroperoxide alone was
negligible under the reaction conditions.
Using either t-butyl or 2-cyclohexenyl hydroperoxide in
methanol, n-butanoi, t-butanol or ethylene glycol, it was found tha
the stcichiometry was accurately defined by the following equation:
R0 2H + R1R2S > ROH -i- R1R2SO
Sulfoxide was produced in about 95 percent yield, and there was no
further oxidation to the sulfone. Furthermore, when cyclohexyl
methyl sulfoxide was added initially at a concentration equivalent
to that of hydroperoxide, the reaction was essentially unaffected.
The authors also reported an insensitivity to free-radical inhib-
itors and the presence or absence of a:-_j_ --. •
The reaction was found to be first order in both hydroperoxide
and sulfide, and the overall reaction closely followed a second
order plot. The effect of neutral salts (magnesium perchl orate
in methanol and potassium acetate in acetic acid) was negligible.
Entropies of activation ranging from -29 to -55 were observed.
As a result of the evidence presented above, Bateman and
Hargrave suggested the following possible mechanisms (12):
I. RO --- ^ SR1R2 R0----0-"SRiR2
s*'
/ H: / H > H H
* (*)
(t) > ro 0<--SRiR2
I
H H
X'"
Here, HX represents a molecule of solvent.
+
II. RO2H + HX > RO2H2 + X"
+ +
RO2H2 + R1R2S ROH + R1R2SOH
+
R1R2SOH + X R1R2SO + HX
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A more acidic solvent was found to increase the rate of re-
action, for the rates in the different alcohols varied as their
acidities
.
Solvent 1Q 5 k a * Acidities Re lative to Isopropano
t-butanol 1.43 0.3
n-butanol 17-1 1.0
methanol 22 6.7
ethylene glycol 230 72
* mole" 1 1. sec." 1 ; t -butyl hydroperoxide (30 degrees).
Furthermore, the addition of acetic and trichloroacetic acid to the
alcohol solvents also progressively increased the rate, the rate
constant in acetic acid being about one tenth that in trichloro-
acetic acid. This, however, did not serve to distinguish between
mechanisms I and II. The most convincing piece of evidence in
favor of I was the negligible salt effect. The fact that the .
system t-butyl hydroperoxide - cyclohexyl methyl sulfide - acetic
acid at 20 degrees was completely insensitive to the addition of
potassium acetate makes mechanism II highly improbable.
Similarly, Hargrave determined the behavior of 2-cyclohexenyl
methyl (III) and 1,3-dimethylallyl n -butyl sulfide (IV) with 2-
cyclohexenyl and t-butyl hydroperoxides in alcohol solvents (17).
_
CH3 CH3
( """" V.. SCH3 CH=CHCHS ( CK2 ) 3CH3
\
III IV
In both methanol and t-butanol, sulfoxide yields were quantitative,
reaction rates were unaffected "o}i air or free radical Inhibitors,
and the reactions were accurately first order with respect to both
sulfide and hydroperoxide.
Eateman and Kargrave next studied the interaction of cyclohexyl
methyl sulfide with hydroperoxides In hydrocarbon solvents (15)
•
Cyclohexenyl and t-butyl hydroperoxides were used, and the solvents
employed were benzene, cyclohexane and cyclohexene. These reactions
were similar to those run in alcohol in that the sulfoxide yield
was quantitative under all conditions studied.
The following initial reaction orders were observed (15) :
Reaction Orders (50°)
Sys tem
Sulfide - 2-cyclo-
hexenyl hydroperox-
ide (system 1
;
Sulfide - t-butyl
hydroperoxide
(system 2)
*mole 1 -1 sec x ; for 1 . OM reactants at 50 degrees.
Solvent H\rcrcpevo::ide Sulfide 103 X rate*
Benzene 2.0 1.0 5.6
Cyclohexane 2.0 0.9 6.7
Benzene 2.0 0.7 0.40
Cyclohexane 2.0 0.4 1.20
Cyclohexene 2.0 0.4 0.64
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The sulfoxide produced was found to retard the reactions of both
systems. In system 1 the addition initially of sulfoxide In a con-
centration of .05M approximately doubled the half life.
System 1 was insensitive to the addition of free radical in-
hibitors whereas system 2 was retarded by about 5 per cent. How-
ever, it was found that in the presence of inhibitors, about 2 per
cent more hydroperoxide reacted than sulfoxide produced. This
points to an interaction between hydroperoxide and inhibitor rather
than the inhibition of reaction chains. In both systems the rates
of reaction were increased by the addition of acetic acid. VJhen
the acid catalyzed reaction predominated, the reaction orders of
sulfide and hydroperoxide became unity; while the order with
respect to acetic acid became 0.6. Since acetic acid in the con-
centrations used (0.002 to 0.04M) exists mainly as the dimer in
hydrocarbon solvents (23), a reaction order of 0.6 is not surpris-
ing. A reaction which is first order in monomer will appear to be
one half order, since the dimer is the species being measured.
On the basis of the above data, Bateman and Hargrave postulatec
the following mechanism for the reaction in hydrocarbon solvents
(15):
R0--0v SR 1R2 RO 0^-SRiRa
(H (H > H H
~~
I I
OR OR
As can be seen, this mechanism is similar to the one presented
earlier for hydroxylic solvents. However, since the hydrocarbon
solvent cannot assume the role of HX, the hydroperoxide will do so
thus causing the rate to be second order in hydroperoxide. The
addition of acetic acid catalyzes the reaction by performing the
function of HX more efficiently than hydroperoxide thereby re-
ducing the hydroperoxide order from 2 to 1.
The different retarding effects by sulfoxides in alcohols and
hydrocarbons (i.e. no retardation in alcohols and noticeable re-
tardation in hydrocarbons) were explained as being due to bonding
of the weakly basic sulfoxide to the hydroperoxide. In hydro-
carbons, where there is nothing else for the sulfoxide to bond with.,
it will bond with the hydroperoxide thus competing with the sulfide
- hydroperoxide association necessary for reaction (15) • As •
support for this theory, it was found that other organic bases such
as pyridine and dimethylaniline will also retard this reaction (15).
Furthermore, it has been shown by the use ot radioactive sulfur
that sulfoxide retardation is not due to reversibility of oxygen
transfer (16).
The above mechanistic picture was considered in a more
quantitative manner as follows (15);
2R0 2H £ (R02H)2 equilib. constant K 2
(R0 2H) 2 + RiR 2 S —* RiR2S0 + ROH + RC 2H rate constant k
R0 2H + RiR2S0 —» (R0 2H-0SRiR 2 ) equilib. constant K3
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2
Let x equal total measured concentration of hydroperoxide and c
equal total measured concentration of sulfoxide. Then, if
[R0 2H] >> [(R0 2H) 2 ],
x = [RO2H] + [R0 2H-OSRiR 2 ]
c = [R x R 2SO] + [ROaH-OSRiRa]
Initial rate in the absence of added sulfoxide = K2k/\ [R1R3S] xg
where x L equals the initial concentration of RG 2H. From this,
Ksk^ was calculated.
[R0 2H] 2 = K ,„ % - o J
Thus if the rate, r, at any stage of the reaction is known, R0 2H
may be determined. K3 was then calculated from the following
equation:
[R0 2H-OSR 1 R2 ] x - [ R0 2H]
K3 " [R0 2H]LR 1 R230] LRO2HJ [c^X +TROiHlj
For system 1 in benzene at 50 degrees, K3 had a value of 15 + 3 1.
mole"'1 . This agreed with the value of 16.1 1. mole" 1 deduced from
a spectroscopic study of the association of cyciohexenyl hydro-
peroxide with cyclohexyl methyl sulfide. Knowing K3 and x^K 2 , the
course of the reactions of system 1 in both the presence and absence
of initially added sulfoxide was calculated. The agreement with
experimental observations was within experimental error.
It was suggested that in system 2 the orders of 0.7, 0.4 and
0.4 with respect to sulfide and 2.0 with respect to hydroperoxide
were due to participation of the solvent in the reaction (15)-
However, no satisfactory description of this participation was
given. Also, the authors could give no definite answer as to why
system 2 behaved in this manner and not system 1.
Oxidation with Hydroperoxides in the Presence of Oxygen
The reactions of cyclohexyl methyl sulfide with hydroperoxides
in the presence of oxygen were studied by Bateman and Hargrave
(15). Benzene, cyclohexane and cyclohexene were used as solvents.
The cyclohexyl methyl sulfide - 2-cyclohexenyl hydroperoxide system
(system l) was insensitive to oxygen; however, oxygen exerted a
measurable effect on the cyclohexyl methyl sulfide - t-butyl hydro-
peroxide system (system 2). In the presence of air the rate was
increased about tenfold in benzene and threefold in cyclohexane.
The rate in cyclohexene was unaffected oy oxygen, although per-
oxidation of the solvent was detected. In system 2 it was found
that oxygen catalysis was completely eliminated by the addition
of 2,6-di-t-butyl-p-cresol . This suggests that catalysis involves
oxy or peroxy radicals in a chain reaction (15)- Oxygen catalysis
could also be eliminated by the addition of acetic acid.
Since all evidence seemed to point to a chain mechanism in-
volving peroxy radicals, Bateman and Hargrave proposed the folloxv-
ing for the propagation steps (15):
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(CH3 ) 3C0 2 - + R1R2S -> RiRaSO + (CH3 ) 3 CO*
(CH3 ) sCO- + (CH3 ) 3 C0 2H > (CH3 )3COH + (CH3 ) 3C0 2 -
Ri equals / \ ; R2 equals -CH3
—( >
\W — - -J
However, no satisfactory initiation or termination steps were sug-
gested which would make the above mechanism fit the experimentally
observed kinetics (orders of 1 . 4 with respect to hydroperoxide and
0.9 with respect to sulfide). The slowing down of the rate in
various solvents was taken to indicate that solvents such as cyclo-
hexene were reacting so readily with the propagating radicals that
a competitive reaction path was being introduced (s 15).
Hargrave next studied the reactions of 2-cyclohexenyl methyl
and 1, 3-dimethylallyl n-butyl sulfide with 2-cyclohexenyl and t-
butyl hydroperoxides in benzene (17). When reacted with 2-cyclo-
hexenyl hydroperoxide in benzene solution, cyclohexenyl methyl
sulfide reacted in a manner similar to that of the saturated
analogue discussed previously (15) > therefore, the mechanism here
is probably identical to that proposed for saturated cases in
hydrocarbon solvents (i.e. first order in sulfide and second order
in hydroperoxide). However, when 2-cyclohexenyl hydroperoxide
was replaced by t-butyl hydroperoxide, non quantitative yields of
sulfoxide were produced; and the reaction was not catalyzed by
oxygen. This is in sharp contrast with the findings reported for
cyclohexyl methyl sulfide where reaction with t-butyl hydroperoxide
gave quantitative yields, and a definite oxygen catalysis was
observed (15)
•
To explain this lack of oxygen catalysis, Hargrave postulated
that the unsaturated sulfide acts like cyclohexene and inhibits its
own catalytic oxidation. The partial mechanism suggested for this
inhibition is as follows (17):
(CH3 ) 3C0 2 - + f2 " Y-.SCH3 > f~ ^C_SCH;\ / \ /
( "\L_SCH3 + Oo >
V /
Support for this theory was obtained from the fact that unsaturated
sulfides inhibit oxygen catalysis of the hydroperoxide - cyclo-
hexyl methyl sulfide reaction in benzene in a manner similar to
cyclohexene and the phenolic inhibitors. 1, 3-dimethylallyl n-
butyl sulfide also produced non quantitative yields of sulfoxide,
but its reaction with t-butyl hydroperoxide in benzene was subject
to oxygen catalysis.
In order to explain the non quantitative sulfoxide yields,
kinetic studies were undertaken on 1, 3-dimethylallyl n-butyl sulfide
in the absence of oxygen. Since it had been shown (l8) that only
a 5 per cent yield of sulfoxide and almost quantitative cleavage
to di-n-butyl disulfide had resulted from reaction with t-butyl
hydroperoxide, this seemed like a promising example to investigate.
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The kinetic studies yielded the following results (17):
(1) The interaction was autocatalytie as measured by the dis-
appearance of hydroperoxide. This result favors a mechanism
where the product reacts further in a secondary reaction.
(2) The concentration of sulfoxide formed passes through a maximum
which has been shown not to result from thermal instability of
the sulfoxide.
(3) The sulfoxide yield was quantitative at the beginning of the
reaction. Therefore, the low final yield must be due to its
disappearance at a later stage in the reaction.
(4) The initial addition of unsaturated sulfoxide increased the
rate of reaction. This is in sharp contrast to the reactions
of saturated sulfides where the presence of sulfoxide reduces
the rate, and the sulfoxide does not disappear in the course
of the reaction.
(5) The presence of hydrogen bonding solvents (i.e. methanol and
t-butanoi) completely eliminated the reaction leading to non-
sulfoxide products. This suggests that the reaction involves
a hydrogen-bonded complex between sulfoxide and hydroperoxide.
Complexes such as this are readily formed in solvents such as
benzene but not in hydroxylic solvents, since the sulfoxide
will then prefer uo bond with solvent molecules rather than
hydroperoxide
.
From the above observations, Hargrave postulated a reaction
occurring in two steps , the first producing sulfoxide in quantita-
tive yield and the second leading to its disappearance (17). The
mechanism for step 1 is probably identical to that proposed for the
oxidation of saturated sulfides in hydrocarbon solvents (lp). The
details of step 2, however, still are not clear; although it was
determined that hydroperoxide, sulfoxide and sulfide all had to be
present for autocatalysis to occur (17)- The products isolated
from the reaction of one mole of 1, 3-dimethylallyl n-butyl sulfide
with one mole of t -butyl hydroperoxide were; 0.04 mole sulfoxide,
0.5 mole di -n-butyl disulfide, 0.25 mole water, 0.?0 mole t-butanol
and 0-5 mole unidentified material (l8).
Oxidation by Oxygen
In 1955 Bateman and Cunneen undertook a study of the reactions
of a number of allyl and substituted allyl sulfides with oxygen
(19) • In these reactions sulfoxides were produced in yields
ranging from 5 to over 50 per cent. The authors found, however,
that a strong retardation occurred at an early stage in the reactioi
and that the reaction often stopped after only a small amount of
oxygen had been absorbed. Since a mild form of Inhibition is
common for autooxidations and is generally associated with the
decomposition of a primary product to yield inhibitory substances,
the authors reasoned that a similar reaction sequence was
operating here.
The structure of the sulfide was found to have a pronounced
effect on reactivity. Allyl n-butyl sulfide and diallyl sulfide
reacted slowly with oxygen at 75 degrees; however, both the rate
and the extent of absorption could be increased by the substitution
of either a methyl or a phenyl group into the allyl unit. Large
changes in reactivity were also achieved through variations in the
saturated component of the allyl alkyl sulfide.
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In experiments involving n-butyl cinnamyl sulfide it was founc
that the reaction could be promoted by a number of oxidation cata-
lysts such as cx,a'-azoisobutyronltrile; irradiation with a mercury
vapor lamp also increased the rate of oxygen uptake and reduced
inhibition. Benzoyl peroxide, t-butyl hydroperoxide, and 2-
cyclohexenyl hydroperoxide, however, did not aid the reaction (19) •
The autooxidation of n-butyl cinnamyl sulfide was strongly re-
tarded by amine and phenolic types of oxidation inhibitors (e.g.
quinol and phenyl -p-naphthylamine ) but the major oxidation products
(n-butyl cinnamyl sulfoxide, cinnamaldehyde, dibutyl disulfide and
water) exerted little inhibiting effect (19;«
In a later study, Baseman and Shipley attempted to Isolate the
products causing tne autoinhibition of the oxidation of allylic
sulfides (20). The compound chosen for this study was 2-cyclo-
hexenyl methyl sulfide. This compound, when reacted with oxygen
at 55 degrees, absorbed 0.3 moles of oxygen per mole of sulfide anc
yielded the following mixture of products:
n—, f r=-r Mixture of ketc
Compound: H2 ( V.SOCH3 / "W) { V_0H sulfides
\ / \ \
Percent of
O2 absorbed: 25 23 10 8 22
In addition to these compounds, dimethyl disulfide and some un-
reacted starting material were also isolated. By an independent
synthesis, the keto sulfide mixture was shown to be composed mainly
of 6-methylthio-2-cyclohexenone (I).
r-iSCH3 / V-SCH3
\ r
\
/
^
<
\—
/
—i
I II III
Of the oxidation products, only (I) had an effect on oxygen uptake
sufficient to account for all the autoinhibition. Compound (II),
which was synthesized for comparison purposes, was quite similar ir
this respect. The fact that (III) was inactive shows the importanc
of conjugation in determining inhibitory powers.
Due to the complexity of the reaction, no satisfactory
mechanism was given which would account for the formation of all
products isolated.
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THE ACTINOMYCINS
Reported by R. Berger
INTRODUCTION
February 20, 1958
The actinomycins are bright red antibiotics, which were first
reported under the singular terra actinoraycin in 19^2 by Waksman and
Tishler (l) who isolated it from cultures of Streptomyces anti -
bloticus . Preparations giving reasonable quantities for chemical
investigations have been described in the literature (2,3). Besides
strong antibiotic properties, high toxicity and cytostatic activity
are exhibited (4).
THE DIFFERENT ACTINOMYCINS
During the course of more comprehensive investigations it was
found that more than one actinomycin exists. The isolation from
various actinomycete strains by paper chromatography and counter-
current extraction is indicated in the following scheme (5,6,7,8,9):
2066 Actinomycete Strains Examined.
21 Strains Produce Actinomycins (5*10):
classified by
Roussos and Vining (6) Brockmann (5,10)
A
^ if
B D
I
one major (5)
component
X I
one major
component
C -
r
Ci
(9)
-vC:
'C;
u J
Many components are identical (9)
COMMON FEATURES
Two main features characterize all known actinomycins: treat-
ment of the original substance with barium hydroxide yields a
common chromophore and hydrolysis with acid a number of different
amino acids (11 )
.
actinomycins Ba(OH)heat
OH H
actinomycinol (Johnson)
or despeptidoactinomycin (Brockmann)
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r
Actinomycins Vigorous
acid hydrolysist <
CH3-CH-CH-COOH L-threonine
1 1
OH NH2
CH2 -tCH2
| |
CHs CH-COOH L-proline
H
CH3x
CH-CH-COOH L-N-meth
CH3
/
NH-CH3
CH3-NH-CH2-COOH Sarcosin
CH3
s
CH3
/
CH-CH-COOH
NH2
D-valins
I
CH3-CH2-CH— CH-COOH
i •
I
CH3 NH2
D-allo-
isoleucine
Other reaction products are tar and ammonia. The amino acids were
identified by paper chromatography (3*12,13)
•
Molecular weight determinations based upon quantitative hydro-
genation gave 1200+ 25 for actinomycin C (3,12) and 1240+ 20 for
actinomycin B (14) making use of their quinoid nature. Potentio-
metric titration showed values of 1325 and 13+2 for actinomycin C
(15) and a redox titration against chromous acetate gave 1296+ 35
for actinomycin C 2 and 1307+ 35 for actinomycin C 3 (16). These
figures are in good agreement with the molecular formula.
C 64H9o0ieNi2(MW s 1283) eventually established for actinomycin C3
(17).
THE CHROMOPHORE
The infrared spectrum of actinomycin B as a^mull in Nujol shows
bands in the carbonyl region at 175+> 1667 and 1637 cm." 1 v/hich are
consistent with ester or lactone, quinone and amide-type carbonyl
groups respectively (18). The ultra-violet absorption spectrum of
an alcoholic solution of actinomycin B indicates maxima at 240-242
and 441-445 mu inconsistent with a usual quinone type of structure
(19). T
Johnson at Nottingham carried out an elegant and conclusive
degradation (20):
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Actinomycin N^Q^
* colorless peptide-containing substance
1}
OH
III
H
t
HC1
i
H2O2
CO NaOH
6 »"••» 4 COOH
CH3
0-
11
NH 3
C
*0
7
-methyl
benzoxazolone-
4-carboxylic acid
(19).
'
Confirmation of structure II was accomplished by synthesis from
7
-hydroxy -6 -methyl isatin (ill). In this way one hydroxyl and one
methyl group were located in actinomycinol (I) suggesting that the
other hydroxyl- and methyl group were constituents in the quinone
ring. The structure for actinomycinol (I) was deduced from
spectral analogies with 2,3- and 3* 2-hydroxy-methoxy-N-methyl-
acridone-quinones (21). Final confirmation of the actinomycinol
structure (I) was provided by Brockmann's total synthesis as
shown (22).
catalytic
^ COOH
l! I
CHa'^^^NOg hydrogenation CH3
OCH3
XII
L
0CH3
XIII
COOH
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Infrared and ultra-violet absorption spectra were identical for the
synthetically prepared compound and the natural actinomycinol (l).
Treatment of (I) with a mixture of acetic anhydride and perchloric
acid yielded the diacetate which when mixed with the diacetate of
the natural compound did not depress the melting point.
Spectral evidence between the actinomyc: nol structure (i) and
actinomycin did not, however, conform. This led to the belief that
extensive rearrangements had occurred when the actinomycin was
treated with barium hydroxide to yield actinomycinol (14).
Hydrolysis of actinomycin C for prolonged periods with warm
20$ hydrochloric acid had given the first clues to the precise
nature of the unrearranged actinomycin chromophore after these two
compounds had been isolated: 2,5-dihydroxy-3-methylbenzoquinone
(IV) and orange-colored 2-hydroxy-4,6-dlmethylphenoxazin-3-one (V)
.
The position of the methyl groups was confirmed by synthesis (23).
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CH- to
OH
V
Rather mild methanolic acid hydrolysis produced orange colored
actinocinin (24) which proved to have structure VI. This was
verified by synthesis (23) from 3-hydroxy -4 -methyl anthranilic acid
(VII ) and 2,5-dihydroxy-3-methyl benzoquinone (IV).
CH3
COOH COOH
CH3 CH3
IV VII VI
A by-product of the preparation of actinocinin (VI ) from actino-
mycin was a dimethyl ester (VIII), which on further hydrolysis and
examination of the product for amino acids showed the presence of
threonine only (25).
OH\ CH-CH-COOCH3
CH<
OCH3
CO CO
Ov Xs3
CH:
VIII
CH3
The similarity of the ultraviolet and visible absorption spectra of
all the above phenoxazones to those of actinomycin strongly suggested
that actinomycin was a peptide derived from 2-amino-4,6-dimethyl-3-
oxophenoxazine-l,9-dicarboxylic acid (actinocin IX) (25).
COOH COOH
IX
The dimethylester (XI) was synthesized by oxidative self-condensa^
tion of methyl-3-hydroxy-4-methylanthranilate (X)(26).
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COOCH3
NH2
CH-
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COOCH3 COOCH3X N JL
OH
XI
THE PEPTIDE STRUCTURE
The absence of any free al
actinomycin led to the supposit
arranged in the form_of a pepti
The band at 175 1*- cm." 1 in the i
supported this view since it is
ing (28). The molecular weight
that nine or ten amino acid res
One arrives at this figure by s
iphatic amino or carboxyl groups in
ion that the amino acids are
de and that this peptide is cyclic,
nfrared spectrum of actinomycin
representative of a lactone group-
of approximately 1280 suggests
idues are contained in actinomycin.
imply computing:
no. o f a. a. residues = gj2JLiLctinomycin -- MW of chromophore (2 }average weight of a. a. residues v ' '
Potentiometric titration had indicated two ester groups, revealing
that the peptide might be arranged in two lactonized rings. As
mentioned before threonine was found to be the amino acid bound
next to the chromophore. Mild alkaline treatment of actinomycin
gave a dicarboxylic acid, actinomycinnic acid (XXI) (29), a peptide
of actinocin (XXII ). Unlike actinomycin itself when this acid was
oxidized by periodic acid, subsequent acid hydrolysis gave no
threonine. This may be interpreted as an oxidation of a threonyl
peptide containing free hydroxyl groups which are lactonized in
actinomycin itself. The free carboxyl groups of actinomycinnic
acid (XXI) were shown to be associated with N-methyl valine by a
Dakin-West degradation to destroy the terminal amino acid. The
degradation so far may be represented as 30.
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The precise arrangement of the amino acids in the peptide chains
was determined by the isolation of certain dipeotide derivatives
from the action of hydrazine on actinomycin (31 J. Evidence was thus
obtained for the N-methylvaline-sarcosine linkage in the actino-
mycins C2 and C3 and I
y ;
for the L-proline-D-valine linkage in
actinomycin I
T
and the L-proline and D-alloisoleucine linkage in
actinomycin C3 (32).
THE STRUCTURE OP ACTINOMYCES C 3 AND D
All these investigations led finally to the total structure for
actinomycin C3 (32). Recently the structure for actinomycin D was
elucidated, which is identical with that of C3 except that valine
replaces the D-alloisoleucine (33)
•
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\
CH3
CH2-N-CO-CH
CO
CH :
CH<
CH3-N
CH-CH
.!•
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N "CH3 CH3
ch-chC
CH3
-CH
CH3
CH3 CH3
Actinomycin C 3
Johnson (27) suggests that the difference between the various kinds
of actinomycins is confined to the amino acid composition, which
has been determined in several cases (6,8).
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THE BIOSYNTHESIS
It is suggested (3*0 that the molecule of actinomycin is built
up by the oxidative condensation of two molecules of the 3-hydroxy-
4-methylanthranilic peptide XXVIII. Unsymmetrical condensations
could give rise to the various kinds of actinomycins observed.
Peptide Q
i
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! I
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I
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OXIDATIVE DEGRADATIONS OF SACCHARIDES
Reported by T. W. Milligan February 27, 1958
Oxidative methods are of general application for the
degradation of saccharides and other glycol-containing compounds,
lead tetraacetate and periodate salts being the usual reagents.
Various aspects of these topics have been reviewed elsewhere (1,2,3,
4,5). This seminar will present a resume'' of some recent applica-
tions of these oxidation methods to preparative and structural
problems in saccharide chemistry.
INTRODUCTION
Glycol cleavage reagents - i .e_. , lead tetraacetate and perio-
date salts - are more or less specific for the oxidation of cis
oriented glycols. The more nearly the alpha hydroxyl groups
approach a true cis configuration, the faster the rate of oxidation
(5). This fact has been utilized in previous degradations of
saccharides and glycosides, but variation in reaction conditions
has produced some ambiguity in the interpretation of results. The
method has been eminently successful in its application to the
elucidation of the configuration of methyl glycosides (6,7).
Recently Perlin and other Canadian chemists have utilized these
methods to degrade selectively saccharides of many types and have
established a pattern of oxidation behavior correlated with the
stereochemical structure of the sugar. By a series of alternating
oxidations and reductions they have also successfully degraded
oligosaccharides to glycosyl - substituted glycerols, thus
establishing a direct chemical method for investigating the a or p
configuration of the glycoside link. These subjects form the
nucleus of this report.
MONOSACCHARIDES
Previous reports of the tetraacetate oxidation of D - glucose
state that three (8), two (9) or five (10) moles of oxidant were
consumed by the sugar. These divergent results were probably due
to differing conditions.
In 195^ Perlin reported the first of a series of oxidations of
simple aldoses and ketoses using 2 moles of Pb(0Ac)4 (11,12,13).
The products were the corresponding diformate esters of the sugars
with two less carbon atoms, although an excess of the oxidant
caused further degradation. This work has been summarized in a
recent paper (14). It was observed that D-glucose absorbed 2 moles
of tetraacetate in 3 minutes, after which the reaction became very
slow. The rate of this reaction is very rapid compared to that of
aliphatic glycols or glycosides. The product was a sirup exhibit-
ing_strong reducing properties and strong infrared bands at 1725
cm. x and 1170 cm." 1 . It liberated 2 moles of formic acid on
hydrolysis, furnishing D-erythrose in 90$ yield and was thus
characterized as a diformate ester of D-erythrose. The position of
the formate groups was not established, partly because of the
instability of the formate, which released formic acid upon dis-
solution in water and underwent hydrogenolysis when hydrogenation
was attempted at room temperature with PtOa. Perlin reasoned that
one of the formate groups was probably at the 2-position of the
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tetrose because the compound is only very slowly oxidized by
tetraacetate.
Two alternative reaction paths were proposed as possibilities
for this oxidation of glucose, one involving cleavage of the
(normal) pyranose form of the glucose followed by acyl migration
and further oxidation, the other involving preferential oxidation
of the furanose form directly to the intermediate monoformate:
HO-C-H
H-C-OH
HO-C-H
H-C-OH
H-i —
Pb(0Ac) 4 . H-C-OH
acyl
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CH20H
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HO-C-H
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H-C— 0-CH
I
H2C
it
C-
I
c
Ox x0H
c
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- - I- -
-
HO-C-H
11
H-C-0— CH
H-C-OH
H2C
4-0-formyl -D-arabinose
1
H-C-OH
H-C-OH
HO-C-H
H-C
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CH2OH
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H2-C-O-CH
1
j
H-C-OH
1 m
H-C— 0-CH °
1 11
H-C CH
H2C J
a-D-glucofuranose 2,4- 2,3-di-0-formyl
D-erythrose
Several known instances of acyl migration (15) provide
precedence for the first route, but these cases have not involved
migration of formyl groups. Perlin suggested that the great speed
of the reaction as compared with the rate for glycols or glycosides
could be accommodated by an ionic mechanism rather than the radical
mechanisms recently proposed for glycols (16,17) since the hemi-
acetal a-glycol would be expected to be the prime site of carbonium
ion formation; this would be in accord with Criegee's original
proposal (8) that the cyclic forms of the sugars were oxidized
preferentially by tetraacetate.
The possibility that the furanoid ring form of the sugar is
oxidized preferentially finds support in the fact that the furanose
ring is nearly planar and the hemiacetal ct-glycol is more nearly
able to assume a true cis (0°) position. Thus, 2,3-dihydroxytetra-
hydrofuran may be titrated with Pb(0Ac) 4 even in the presence of
r \ • r
"*»
;
..
".
'
''
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ethylene glycol or methyl glycopyranosides containing "cis" glycols
(l8j. Reducing sugars, however, interfere with this titration,
presumably because they can form furanose rings of their own. These
glycol-cleavage reactions demonstrate second order kinetics (19*20),
and therefore a rather high concentration of the furanoid form
would be necessary to explain the rapid rate. The position of the
pyranose/furanose equilibrium of glucose under these conditions is
not known, but Perlin was not able to measure the rate of muta-
rotation when a or P-D glucose was dissolved in acetic acid, lead-
ing him to conclude that the very rapid interconversion of the
pyranose and furanose forms might be sufficient to explain the rate.
From Reeves' data (l8) it might be inferred that reducing
sugars (where furanoid forms are possible) are titratable in the
presence of aliphatic glycols. If, then, the furanose form is the
species attacked, the hemiacetal a-glycol should be oxidized
preferentially to the 5,6-glycol, in accord with the observed
results. On the other hand, the absence of oxidation at the 5,6-
position could also be explained by oxidation of the ordinary
pyranose form, since the 1,5-oxygen bridge would protect the 5-
position. In an attempt to differentiate between these two possible
modes of reaction, Perlin investigated the oxidation of D-glycero -
D- guloheptose and D-erythro -D- gala octose. Even in the
pyranose form the heptose contains a free terminal 6,7-glycol
group and the octose a 6,7,8-triol group. Thus, if a pyranose
ring is the factor preventing the terminal glycol oxidation in
glucose (by blocking the 5-position) it would not prevent it here,
and cleavage of the terminal glycol groups should occur. Both
sugars behaved like glucose, absorbing 2 moles of oxidant in a
rapid reaction and yielding arabinose and glucose, respectively, in
high yield. It was therefore evident that the terminal glycol
groups did not require protection by a hemiacetal bridge to escape
oxidation. Perlin made no claim that this evidence had un-
equivocally established one or the other of these paths, however,
and this writer must agree, since no attempt was made to disprove
the alternative scheme.
Other aldoses and kjtoses were oxidized in the same general
manner, absorbing 2 moles of oxidant and producing sugars of a
lower series, although overoxidation did occur with some compounds.
The ketoses produced formate -glycolate esters as opposed to the
diformates from aldose sugars.
'.;'i : .
."Of.':'^w :." '.'•
i.'
-.
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The reaction scheme proposed to account for the hexose —>
tetrose diformate conversion involved a pentose monoformate as an
intermediate, implying that the reaction of a hexose with less than
two moles of lead tetraacetate might produce pentose. This
supposition was supported by the isolation of D-lyxose in 35$ yield
from D-galactose using 1 mole of oxidant, and similar yields of
pentoses from other hexoses.
The results of these investigations, while not allowing a
complete mechanistic description of these saccharide degradations,
do provide a workable postulate for a reaction scheme which has
proved valuable in the work described below, and do furnish a
relatively simple means for the stepwise chain degradation of
common sugars to some rarer ones.
DISACCHARIDES
A. CATALYZED OXIDATIONS
Perlin's observations on the utility of potassium acetate as a
catalyst in the tetraacetate oxidation of formic acid to carbon
dioxide (21) led him to inspect the behavior of reducing sugars
under these (catalyzed) conditions (22,23). The results are
summarized in table I.
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TABLE I
CATALYZED OXIDATION OF DISACCHARIDES
Oxidant Consumed (Moles) Oxidation Products
Type Total Reducing End Pentose Tetrose Formaldehyde
1
1
1,3-aldohexose - 1
1,4-aldohexose 4 2
1,6-aldohexose 6 3
1,4-ketohexose 3 1 1
1,2-aldohexose 5 1
1,6-Aldchexopyranose sugars are degraded to a much greater extent
than other linkage types, yielding about 5 moles of formic acid and
consuming about 6 moles of oxidant, 3 moles by the reducing end.
By contrast, 1,3- and 1,4- disaccharides yield only about 1 mole of
formic acid, most of which appears to arise from the non-reducing
end units. The latter two linkage types are distinguished from
each other however, since the reducing end of the 1,3- linked
sugars absorbs only one mole of oxidant to yield a pentose formate,
while that of the 1,4- compounds is further oxidized to give a
tetrose diformate. These data are paralled by results obtained
from the related 3*4, and 6-0-methyl D-glucoses, after allowing for
the absence of an oxidizable non-reducing saccharide end unit.
Only titfo compounds, 4-0-f3-D-mannopyranosyl-D-glucose and 4-0-(3-
D-mannopyranosyl-D-mannose, gave anomalous results. The reducing
ends of other 1,4- reducing disaccharides absorbed the expected 2
moles of oxidant. These two sugars had a total absorption of about
4 moles of oxidant; after the usual allowance for the oxidation of
the non-reducing end, it appeared that the reducing end unit in
these two compounds had used up only one mole of oxidant. The
product, however, was the normal tetrose, and all other evidence
indicated the 1,4- link to be correctly assigned. Since previous
work (6,7) indicated the oxidation rate of glycosides to be in-
dependent of the a or ^-configuration, it would seem that the non-
reducing mannopyranoside units here are not being oxidized to the
usual extent, leading Perlin to suggest an unusual ring conformation
in the P-mannopyranose units as a possible explanation.
The 1,4-ketohexose disaccharides studied yielded one mole of
formic acid and required 3 moles of lead tetraacetate. These data
are consistent with the aldose results, assuming glycolate esters
instead of formate esters are the products, as previously noted for
monoketoses (l4).
Since the oxidation behavior which characterizes a given
linkage position is determined mainly by the reducing end, these
reactions should also be useful for determination of glycosidic
links in aldobiuronic acids, in which the non-reducing end-units
are easily overoxidized by glycol cleavage reagents owing to the
formation of an intermediate active methylene group (23a). Thus,
the oxidation of 6-0-i3-D-glucuronopyranosyl-D-galactose resembles
at the outset that of the 1,6- hexose disaccharides, despite an
eventual pronounced overoxidation. The oxidation of 4-0-(4-0-methyl-
D-glucuronopyranosyl )-D-galactose, in which the non-reducing
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end-unit is protected against overoxidation by the 4-0-methyl
group, absorbs 3 moles of oxidant, corresponding to the expected
tetrose diformate (threose isolated after hydrolysis) at the
reducing end, and cleavage of the 2,3-glycol group in the non-
reducing end. Perlin suggested, however, that these overoxidation
problems could be overcome by use of the non-catalyzed oxidations
described below.
B. NON-CATALYZED OXIDATIONS
A classic application of glycol-cleavage reactions to carbo-
hydrate chemistry is found in the early work on the configuration
of the methyl glycosides (6,7). In the D-series all methyl a-
hexopyranosides, through cleavage of the 2,3,4-triol group give the
same dialdehyde I, with a large positive specific rotation; the P-
glycopyranosides give the anomeric compound with a large negative
rotation. Thus by reducing the total number of asymmetric centers
the contribution of the glycosidic center to the total rotation is
made relatively large. Perlin has essentially extended these con-
cepts to compounds in which the glycosidic residue is another
saccharide unit (23,24).
CH2OH CH2OH ?
H2°H CH2°H
— q J q
}
CHO \| 6H0 N f**
/OCHa /-O-CH. .
CHO CHO CHO CHO unu
I II III
?
H20H CH2OH CHe0^
/
\p-0-C-H CHO H CHO /~ ^^
CH0 A CHO H-C C-O-C-H CH0/ |l| /— 0— OH
CHO CH *°H CH0 CH20H CHO CHO
IV V VI
For example, D-aldohexose disaccharides with 1,6-links are
degraded to the trialdehyde II, in which the reducing end unit
has been converted to glycolic aldehyde, and the glycosidic residue
yields a dialdehyde of the type derived from simple glycosides. A
1,4-hexose disaccharide {i.e., cellobiose) should be converted to
III, in which the D-erythrose unit from the reducing end is linked
through the 2-position to a dialdehyde via a P- link. Maltose
should give a compound differing only in the a-configuration of the
glycosidic bond.
The results with 1,6- and 1,4-disaccharides agree well with
these predictions as shown below.
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TABLE II
OXIDATION BEHAVIOR OP DISACCHARIDES
Disaccharide [a]D Disaccharide
Isomaltose (1,6 a)
Mannobiose ( 1 , 6a)
Gentiobiose ( 1 , 63
)
Cellobiose(l,40)
Lactose (l,4£)
Glucosid o-erythritol (1,2-3)
Glucosido-fructose (l,5-°0
+98
+50°
+8°
+55°
-17°
-8°
Oxidation
Procedure
Oxidized
Disaccharide
Periodate +85°
1! +88°
it
-109°
Tetraacetate -80°
n
-78°
Periodate 0°
ii +36°
Thus the specific rotations of the oxidation products of a-
and (3-1,6-disaccharides differ, and two 1,6-a-compounds give a
product with about the same rotation. Three P-l, 4-disaccharides
gave products having specific rotations all negative and of the
same magnitude. These examples with known disaccharides served
to delineate the method; its utility may be illustrated by the
oxidation of 4-0-D-mannopyranosyl-D-mannose, previously assigned
a 3-configuration on the basis of a small negative equilibrium
rotation ([a]D = -2°) and lack of attack by an a-mannosidase (25).
After oxidation the product had [a]D = -84°, definitely indicating
the ^-configuration.
This method suffers in that it is not applicable to 1,2- (or
1,5) -disaccharides. Saccharides containing 1,2-links are overoxi-
dized by glycol cleavage reagents with the liberation of formalde-
hyde. This problem can be overcome by prior reduction of the sugar
to a polyol, but then the product would be of type V. Three com-
pounds of this type were oxidized, but the specific rotations of
the products were essentially 0°. A possible explanation lies in
the fact that V is symmetrical and the contribution of the D- and
L-glyceraldehyde units cancel. In this case, two D- or two L-groups
should give an optically active product; the oxidation of 5-0-D-
glucopyranosyl-D-fructose affords a product with [a].
'D
= +36°, but
hethis bears no relation to the original configuration , since
glycosidic center of the product is not then asymmetric This
problem has been overcome by use of the techniques described in
section C.
A pentopyranose disaccharide with a 1,4-link should also yield
a product containing a glyceraldehyde substituent (VI), which,
however, is stereoisomeric with the products (II oj?-XVJ- from 1,6-
hexose disaccharides. In this same manner it should be possible
to develop methods for the determination of linkage configuration
in disaccharides of other types.

c.
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DEGRADATIONS TO GLYCOSYL-SUBSTITUTED GLYCEROLS
The difficulties encountered in applying direct oxidation
procedures to 1,2-reducing disaccharides were noted above. The
development of a method for examination of the structures of di-
saccharides with more general applicability will be described
here (26,2?).
The object of this approach is to degrade selectively the
reducing end-unit so as to eliminate asymmetry other than that due
to the non-reducing end of the molecule. From the previously
described work it is obviously possible to utilize lead tetra-
acetate for selective oxidation of the reducing end-unit at the a-
hemiacetal glycol; the reduction of the intermediate tetrose unit
with sodium borohydride furnished a tetritol. Hockett had pre-
viously noted the much faster oxidation rates of polyols relative
to glycosides (28,29), and the tetritol was accordingly oxidized
selectively to a glyceraldehyde residue while the glycoside link
remained undisturbed. A final reduction produced the appropriate
2-substituted glycerol whose specific rotation was direct evidence
for the nature of the glycosidic link in the original sugar.
The results of a number of these investigations on sugars of
varied structure are represented schematically below:
CH2OH
1 -0
\| / \ °
\j H,0H |f ^ H,0H
1/ HO
OGly OH
V
OH OGly
H,0H
1,3-aldopentose ,pv^ 1,2-aldopentose
CH2OH
1
H,0H
GlyO
1)
2) H
OH OH
1 ,4-aldohexose
H,0H
GlyO J
OH OH
1 , 4-aldopentose
H
CH2OH
(CH-OH)
I
x
CHO-Gly
CH2OH
1,2-polyol
CHO
I
CHO-Gly
1
CH2OH
1,2-triose
4-H
CH2OH
CHO-Gly
CH2OH
1,2-glycerol
OGly OH
1,3-aldohexose
CH2OH
H
H,0H
HO
OH OGly
1,2-aldohexose
siCH20H,0H
GlyO
OH OH
1,5-ketohexose
•'
:
.
'
j ;
r. h
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In the course of these experiments, the 2-0-glycosyl -glycerols
necessary for use as reference compounds for a whole series of
disaccharides have been produced, included those for which the
non-reducing end-units are D-glucose, D-galactose, D-mannose, L-
arabinose, and D-xylose. A determination of the configuration of a
new dlsaccharide in which the non-reducing residue is included
above then simply involves the performance of the necessary
alternating oxidation and reduction reactions and a comparison of
the specific rotation of the product with that of the standard
compounds. The experimental procedures involved are simple and
require only small amounts of starting material, an important
consideration when dealing with many of the rarer compounds
isolated from natural sources.
As an example, consider the production of 2-0-|3-D-gluco-
pyranosyl-glycerol from cellobiose.
CHaOH CHaOH
2 moles
H,0H MQMU
2-0-P-D-glucopyranosyl-D-
erythrose
NaBH4, reduce to
is tetritol
..NaBH^
\k
1 mole Pb(OAc) 4
CHaOH
OH
2
-O-P-D-glucopyranosyl -glycerol
[a] - -30°
2-0-^-D-glucopyranosyl-L-
glyceraldehyde
By the same series of reactions maltose gives 2-0-a-D-gluco-
pyranosyl-glycerol with [a] = +121°.
For most of the compounds studied the as
tion had previously been made on the basis of
values as an extension of Hudson's rules (30)
this method had not been established, chiefly
contribution of the reducing end-unit in the
is not easily assessed. The general good agre
found here with the previous assignments prov
correctness of the polarimetric method in add
better characterization by direct chemical ev
signment of configura-
equilibrium rotation
, but the validity of
because the rotatory
equilibrium mixture
ement of the results
ides support for the
ition to offering
idence.
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TRISACCHARIDES
The application of these oxidative degradations to more complex
oligosaccharides may be illustrated with the selective oxidation of
O-a-D-mannopyranosyl
-
( l->2 ) -O-a-D-mannopyranosyl - ( l->2 ) -D-mannose , a
trisaccharide isolated from the acetolysis of a yeast slime poly-
saccharide (31) • Methylation of the trisaccharide followed by
hydrolysis afforded two moles of 3>^ t 6-tri-0-methyl -D-mannose and
one mole of 2,3,^>6-tetra-0-methyl-D-mannose, proving the glycosidic
link to be of the 1,2-type. The trisaccharide consumed Pb(OAc) 4
very slowly in glacial acetic acid; in aqueous acetic acid and in
the presence of potassium acetate the sugar yielded one mole of
formaldehyde, confirming the 1,2-nature of the glycoside bonds.
To determine the configuration of each link the trisaccharide
was degraded into two different disaccharides, each containing one
of the links intact. Preferential removal of the non-reducing end-
unit was accomplished by a series of reactions including borohydride
reduction of the mannotriose VII to the mannotriitol VIII, which was
then oxidized with three moles of tetraacetate and again reduced with
borohydride to the mannobiosyl -glycerol IX. Oxidation of this com-
pound then proceeded selectively at the "far" end of the molecule
to give the dialdehyde X. Treatment of X with phenylhydrazine ace-
tate cleaved the glycosidic bond adjacent to the dialdehyde end-unit
to produce 2-0-a-D-mannopyranosylglycerol, one of the "standard"
substituted glycerols previously prepared. Thus the first glycosidic
link has the a-configuration.
The nature of the other glycosidic link was determined by degra-
dation of the trisaccharide to the known 2-0-a-D-mannopyranosyl-D-
mannose. Oxidation of the trisaccharide with bromine water produced
mannobiosyl -mannonic acid, isolated as the silver salt XII. The
silver salt was further oxidized by 3 moles of lead tetraacetate,
presumably to a salt of a mannobiosyl-triuronic acid XIII. Treatment
of the latter with hot dilute acetic acid removed the tartronic
semialdehyde residue, affording 2-0-a-D-mannopyranosyl -D-mannose.
From these data the configuration of the link between the central
unit and the non-reducing end could be assigned as alpha ; since both
1,2-links in the trisaccharide had the a-configuration, the 1,2-
links in the original polysaccharide are predominantly, if not
entirely of this nature.
Modifications of these methods have also been applied to
raffinose and stachyose (32).
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PYRYLIUM SALTS
Reported by R. W. Bush March 6, 1958
INTRODUCTION
Related to the pyrans, I and II, are the heterocyclic cations,
III, which comprise the pyrylium salts. The pyrylium structure is
of theoretical interest because it is isosteric with benzene and
If X Ti A T e !J
-
x^0-^ '<0^ ^0-^
I, a-pyran II, 3r-pyran III, pyrylium cation
pyridine. A pyrylium salt which contains substituents capable of
extensive resonance hybridization, for example aromatic groups, is
typically highly colored. In the literature pyrylium compounds are
occasionally called pyroxonium compounds or are named as derivatives
of the parent pyrone
.
The fusion of a benzene ring with a pyrylium cation gives an
especially stable structure. The preparation and reactions of these
benzopyrylium (chrornylium) compounds, IV, have been extensively
investigated (1,2). The 2-phenylbenzopyrylium (flavylium) salts,
V, are of special interest because of their relation to the flavones,
and because they are the chromophores of the plant pigments, the
anthocyanins (2,5,4,5). Dibenzopyrylium (xanthylium) salts, VI, are
also well-known (6).
X
IV V VI
The subject of this report is the preparation and reactions of
the monocyclic pyrylium system. Special emphasis has been placed
on the more recent literature. Additional references to the ex-
tensive research on pyrylium salts done prior to 19^0 may be found
in references 7,8,9 and 10.
I . STRUCTURE
The structure of pyrylium compounds has been a subject of
controversy since they were first prepared (11,12). Explanations
in terms of pyrone addition compounds were considered until
conductivity measurements established that the compounds were true
salts (13)- The oxonium structure, VII a, was postulated in
analogy to the known oxonium cations R3O . But since pyrylium
salts react readily at the 2- and 4-positions, the carbonium
formulations, VII c,d, and e, have often been preferred (l,7c). In
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light of modern resonance theory, the pyrylium cation is best
represented as a resonance hybrid in which all the structures VII
a-e contribute (4,5).
f— O - O £—^0 v 5 ®
VII
Spectroscopic evidence for a relatively larger contribution by the
carbonium structures has been presented (14). A comparison of the
effect of introducing auxochromic 2- and 4-substituents into
pyrylium salts and into pyridinium salts showed that an appreciably
greater bathochromic shift in the ultraviolet maximum occurs in
the case of pyrylium salts. This observation was taken to imply a
relatively greater electron deficit at the 2 and 4 carbons of the
pyrylium salts than of the pyridinium salts. The electrons of
nitrogen apparently can be more easily shared than those of oxygen.
Therefore, the C-N bond of the pyridinium salts has more double
-
bond character than does the C-0 bond in pyrylium salts. The high
reactivity of pyrylium compounds, e.g. in hydrolysis and in
permanganate oxidation, attests to the resultant lack of aromatic
character.
II . PREPARATION
A. Addition to Pyrones.
An early formation of pyrylium salts was accomplished by the
action of Grignard reagents upon ^-pyrones (12). The intermediate
was assumed to be an unstable pyranol:
ij
< 1) CH3MgI
CH;
-
v:
-0^CH3 2) HC104
CH3 OHX
I ICH3^.0^CH3 CH3 -
CH3
CIO.
*0g^CH3
Many addition compounds of ^-pyrones with acids undoubtedly
possess the pyrylium structure (10), and represent the first
pyrylium salts known (9,11,15)
J
11Q + HX OH1'^0- :^ 9X
Similarly, dimethyl sulfate reacts with pyrones to form 4-methoxy-
pyrylium salts (16).
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Electrophilic reagents have also been employed to prepare
4-alkoxypyrylium salts from pyrones. One reagent used with success
is triethyloxonium fluoborate Et 3 + BF4~, prepared by reaction of
boron trifluoride etherate upon epichlorohydrin in ether solution
(17):
3 CICH2CHCH2
\ /
/ CICH2
+ 4 Et 20-B?3 + 2 Et 20-H ^CH-O
lEtOCHa"'
+,B + 3 Et3 BF4
Reaction of triethyloxonium fluoborate with 2,6-dimethylpyrone for
3 days at room temperature afforded 2,6-dimethyl-4-ethoxypyrylium
fluoborate. A similar reagent, acetyl fluoborate, CH3CO B?4~, is
prepared by treatment of acetyl fluoride with boron trifluoride
(18). Acetyl fluoborate reacts with 2,6-dimethylpyrone at -30° in
chloroform to yield 65$ 2,6-dimethyl-4-acetoxypyrylium fluoborate.
Somewhat less powerful reagents have been found to convert 4—
thiopyrones, VIII, to mercaptopyrylium salts, IX, in yields of
80-100$ (19). Effective alkylating agents include several alkyl
S
ti
JU
VIII
S-R
O
IX
X
9
X
iodides (e.g., methyl, methylene, benzyl, allyl) and a-bromo-
acetophenones. Chlorides generally gave poor results. Kinetic
studies (20) showed that the rate of formation of the pyrylium
salt, X, was favored by electron withdrawing ring substituents on
a-bromoacetophenone. The rate constants decrease in the following
order: p-N0 2 , m-N02 , m-Br, p-0, H, p-CH3 , p-CH30.
Both a- and !T- pyrones have been converted into pyrylium salts
by addition to aromatic amines or to 1,1-diarylethylenes in the
presence of phosphorus oxychloride and phosphorus pentachloride
(21):
0'
n + ArH2C = C vAr
1
n
0-^0 ;^_ch = c
S Ar
\
Ar
11
\[ + 0-N(CH3 ) 2 > (CH3 ) 2N-/
No yields were reported.
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Although pyrylium salts may thus be readily prepared by the
addition of various reagents to pyrones, the method suffers as a
general synthetic technique because of the difficulty in preparing
the required substituted pyrones.
B. Condensation of Carbonyl Compounds.
Pyrylium compounds containing desired substituents are prepared
by acid catalyzed condensations of aldehydes and ketones. Acetic
anhydride is a common solvent, and oxidizing agents which have
been used include FeCl 3 , FeCl 3 -6H20, SbCl 5 , PC1 5 (7d). Two mole-
cules of acetophenone condense with one of benzaldehyde in the
presence of ferric chloride to form triphenylpyrylium chloro-
ferrate (7a):
11
0COCH3 + 0CHO 0-CH=CHC-0
0COCH3
0-C \
t
-CH2C=0
CH2C=0
1
il
0-^Oi*-H
The reaction sequence is suggested by the fact that the pyrylium
compound is also afforded directly from a mixture of benzalaceto-
phenone and acetophenone, or from benzal-diacetophenone.
Condensation of substituted benzalacetophenones with substi-
tuted acetophenone has been the most generally used synthesis of
pyrylium salts:
R
R
J
-0
R
0-
CH3
•C-R" R'-^O^R"
Yields are on the order of 30$ (7d). More recently this condensa-
tion to pyrylium salts has been effected simply by treatment of the
appropriate carbonyl compounds with sulfuric acid (l4,2l). Among
the R groups which have been employed are C 6Hs, C 6H4N(CH3)2 and
C 6H40CH3, because of their auxochromic effect in producing in-
tensely colored dyes. The 2,6-diphenyl-4-(p-dimethylamlno-
phenyl jpyrylium ion, XI, for example, possesses an extended chromo-
phoric system allowing both quinoid and benzenoid resonance
structures (22):
(CH3 ) 2N^// ® (CH3 ) 2N.
XI
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In the absence of an aldehyde or unsaturated ketone, aceto-
phenone can undergo condensation with acid anhydrides or with acyl
chlorides to yield alkyl-substituted pyrylium salts (7a, 7e, 23, 24)
:
2 0COCH3 + RCOX
H
X = CI, RC-0
O^R
It has been postulated that two molecules of acetophenone initially
condense to dypnone, since the same product results if dypnone is
used in place of acetophenone (23). However, it has also been
shown that acetophenone reacts with acetic anhydride to form
benzoylacetone, which can subsequently condense with another
molecule of acetophenone to form the pyrylium salt (7e). The
substituents have been varied by use of various aryl methyl ketones
with acid anhydrides in the presence of sulfuric acid (25). When,
for example, acetic anhydride is used, the effective condensing
agent is believed to be sulfoacetic acid, HOSO2CH2COOH.
In the attempted synthesis of 1,3,5-triphenylbenzene by
condensation of acetophenones, small amounts of highly colored by-
products have been observed which proved to be triphenylpyrylium
salts (26,27,28). For example, use of BP3 as a condensing catalyst
has converted acetophenone into 2,4,6-triphenylpyrylium fluoborate
(29,30) in about 20$ yields. (The addition of benzalacetophenone
or of benzaldehyde increased the yield of pyrylium compound to 65$.
)
The stoichiometry of this condensation requires the loss of one
molecule of methane or equivalent one-carbon unit; however, no
gas was observed to be evolved.
The mechanism of this condensation was finally elucidated by
Elderfield. He concluded (31) that the energy gained by formation
of the hybridized pyrylium ring was significantly less than the
activation energy required to break a C-C bond as in the sequence:
k _ s <\N c'#vch3 ntf „<r v, 1CH W1J CH3 CH2 CH2
I + il
0^ O-°^0 r C, Cv0 0^<O^0
+ H2 + CH4
The essential step of the mechanism suggested by Elderfield in
volves cleavage of dypnone into a-methylstyrene and benzoyl
fluoride (32):
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CH3
2 0COCH3
Et2°' BF3
> 0-C=CH-C-0 + H2
2 Et 20-BF3 + H2 HBF4 + BF2OH + 2 Et2
CH3 V (A
0-C=CH-C-0 + HBF4 > 0-CFBF3 + ~C=CH2
*
CH3
polymer
1
CH2 OH
11 I 11
0C-CH=C-0 + 0CFBF3 ~> 0-^
o Qt^0
H
A
A00^ ^ f
#
1
Ml
A
0-\ o^0 0^V~-0
9
BF4
C)H e
Evidence for this scheme is afforded by the isolation of benzoic
acid and of dypnone from the hydrolyzed reaction mixture. Further-
more, an independent reaction of dypnone with BF3 *0Et 2 affords
the pyrylium salt, thereby indicating that a third molecule of
acetophenone is not required. Finally, the reaction of dypnone with
0COFBF3 also yields the pyrylium compound.
C. Unsubstituted Pyrylium Compounds.
The methods of addition and condensation are applicable only
to the preparation of substituted pyrylium salts, and
+
not until
recently has an unsubstituted pyrylium compound C5H5O X been
prepared (33) • The method involves the ring opening of pyridinium
sulfonic acid under the influence of sodium hydroxide to form the
sodium enolate of glutaconaldehyde (3^):
C1S03H
->
OH"
^\ N9
SO:
9
9 9
0-CHsCH-CH=CH-CH=N-S03
iH2
9 9
0-CH=CH-CH=CH-CHO + H2N-S0 3
When this enolate was subsequently treated with perchloric acid,
an intermediate chain oxonium ion resulted, which underwent ring
closure to the pyrylium salt:
9
0-CHCHCHCH-CHO + 2 H© HO-CHCHCHCH-CH=OH Q
-5- H2
+ H2
;• '•• ;* ill:
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The acidification (in ether solution) was done at -20 to -50°
to avoid the polymerization of glutaconaldehyde. Yields were
raised from 25$ to 75-85$ if the acid was added as rapidly as
possible rather than dropwise. The explanation for this behavior
lies in the fact that both the enolate, XII, and the chain
oxonium intermediate, XIV, are stabilized by resonance. The
neutral glutaconaldehyde, .. XIII, is not resonance stabilized and
readily polymerizes.
9
0-CH=CH-CH=CH-CH=0
i
9
0=CH-CH=CH-CH=CH-0
XII
KO-CH=CH-CH=CH-CH=0
XIII (enol form)
HO-CH=CH-CH=CH-CH=OH'
l
HO=CH-CH=CH-CH=CH-OH>
XIV
Application of this method to the conversion of substituted
pyridines into substituted pyrylium salts has not been successful
III. REACTIONS OF PYRYLIUM SALTS
The pyrylium salts are highly reactive compounds. Although
stable in acid, they readily react with nucleophilic agents.
Such reactions include formation of pseudo bases, formation of
addition compounds, replacement of ring substituents, and even
replacement of the heterocyclic oxygen.
A. Reactions with Aqueous Base.
Treatment of 2,4,6-triphenylpyrylium perchlorate with hydrox-
ide ion affords a colorless pseudo base, generally written as XV
or XVI. Dilthey reported the isolation of two discrete forms
<Y
OH
XV XVI
H
-k
XVII
A,
j*A.
o- -o°
XVIII
of the pseudo base of 2,4,5,6-tetraphenylpyrylium ion and suggested
that they represented enol, XVI, and keto, XVII, desmotropes (7b).
More recent investigators (35) have been unable to detect more than
one form of triphenylpyrylium pseudo base and give spectral evi-
dence to support structure XVII. Although the ultraviolet spectra
of XV and XVI are not predictable due to absence of model compounds,
XVII would be expected to show absorption due to two insulated
chromophores, one identical to acetophenone and one to benzalaceto-
phenone. The observed absorption maxima of the pseudo base at 2^+7
mu and 298 mu coincided nearly exactly in wavelength and intensity
with those of the model compounds. Furthermore, replacement of
1
• f.
.1.
)
; "f :-\ . :.i..'. i :
';
.
' '.
... 0"f ':
.' '.: zSl \
.-.'..-
'•;•" ;.-.. •>' >'•'
'
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the 2-phenyl group by p-anisyl caused a bathochromic effect only
upon the absorption corresponding to acetophenone. Similar re-
placement of the 4 -phenyl group affected only the absorption
corresponding to benzalacetophenone. The infrared spectrum shows
no hydroxy1 band. A doublet at 1680-1670 cm. l implies at least
one conjugated carbonyl group.
A pyrylium salt possessing a 2- or 4- (^-hydroxyphenyl ) sub-
Stituent does not immediately yield a pseudo base when treated
with alkali. It first loses one molecule of acid to form a stable
quinoid dye, XVIII (?f).
B. Additions Involving a- or ^'-Methyl Groups.
The 2- or 4 -methylpyrylium salts condense with aromatic
carbonyl compounds to form 2- or 4-styrylpyrylium salts (7e,36,37)
$
JZf-^O-^CHa + ArCHO© t'
I
L:0<^CH=CH-Ar
The styrylpyrylium salts possess extended chromophoric systems and
are listed in the patent literature as useful dyes (38,39*^0).
Apparently a competing reaction is the self-condensation of
4-alkoxypyrylium salts (4l). Heating 2,6-dimethyl-4-methoxy-
pyrylium perchlorate with sodium acetate in methanol yielded a red
dyestuff perchlorate, the properties of which were in accord with
structure XIX.
OCH3
X
CH3^0$ ClW'
A
C*U
xu,
OCH3
XIX
CH3 ~CH-//V
c4
b •
\d3
CIO.
9
C. Replacement of a- or ^-Substituents.
The lability of the 4-alkoxy group (illustrated by the loss
of methanol in the self -condensation above) is evidenced also by
the difficulty encountered in recrystallizing the methoxypyrylium
salt from ethanol rather than from methanol (4l). This behavior
suggests a ready alkoxy interchange between XX and XXI. When
2,6-dimethyl-4-methoxypyrylium ion, XX, is treated with benzyl
-
mercaptan, the 4-benzylthiopyrylium ion XXII is formed. Similarly,
OCH3
ch3 -
II
'O-^CHs
OC2H5 S-CH2 NR;
CH3-^O^CH3 CH3-^O^ CH3 CH3 •0- CH-
XX XXI XXII XXIII
' V . ;.'
'_>-; •
. r
•
•
:
- •"
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easy replacement Is effected by secondary amines to form the Ion
XXIII (41,42).
D. Replacement of Heterocyclic Oxygen.
The reaction of pyrylium salts with primary amines occupies a
significant portion of the studies on pyrylium salts. When treated
with ammonia, pyrylium salts are converted into pyridine derivatives;
when treated with primary amines, pyridinium salts are formed (12).
These pyridine and pyridinium compounds are useful derivatives in
characterization of new pyrylium salts.
In addition to replacement of the heterocyclic oxygen, a
second molecule of a primary amine may replace a 4-alkoxy or 4-
mercapto group. The formation of both XXIV and XXV when the re-
action is not run to completion, plus the successful independent
conversion
(42):
0-R
of XXIV to XXV, supports the following reaction sequence
0-R
RNH2
slow
s
NHR
R
NHR
I
XXIV XXV XXVI
The earlier investigators (41) reported that they were unable to
induce the methoxypyridinium ion, XXIV, to undergo replacement at
the 4 position. They therefore supposed that formation of XXV
must proceed through an intermediate XXVI.
Replacement of the heterocyclic oxygen by sulfur is also
possible. Pyrylium salts are converted into thiapyrylium salts by
the action of sodium sulfide (43).
Of significant synthetic importance is the recent preparation
of complex substituted benzene derivatives by treatment of
pyrylium salts with alkaline nitromethane (44). The suggested
f
9
CH2NO2 A >
o-r
CH2NO2 9 CH2NO2 CH2N0;
t-BuO
^0
«-
—
^
9CHN0 2
-0
9 CHNO2
I
-H2O
NO 2 H
mechanism for the reaction involves an initial nucleophilic attack
at one of the a-carbons (45).
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Yields of 80-95$ were realized. The reaction has synthetic value
in that aromatic compounds containing desired substituents may be
prepared. Thus far the reaction has been utilized for the
following substituents: CH3 , C 6H5 , C(CH3 ) 3 , £-C 6H4CH3 , £-C 6H4 Cl,
jD-C 6H4Br, £-C 6H40CH3 . The nitro group can be readily reduced
and diazotized, thereby allowing substitution of a variety of
functional groups. An additional merit of the reaction of nitro-
methane with pyrylium compounds is that it yields a single definite
product, in contrast to the nitration of the corresponding hydro-
carbon. The method is therefore useful in structure determinations.
Substitution of the oxonium oxygen by carbon has been extended
to include several other active methylene compounds: acetyl
-
acetone, acetoacetic ester, cyanoacetic ester, malonic ester, and
malononitrile (46). The products from reaction of 2,4,6-triphenyl-
pyrylium fluobcrate with the first three of these reagents are,
respectively, 2,4,6-triphenylacetophenone, ethyl 2, 4,6-triphenyl-
benzoate, and 2,4,6-triphenylbenzonitrile . Malononitrile and
malonic ester both yielded ketones the structures of which have not
been fully elucidated.
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SOME ASPECTS OF THE BECKMANN REARRANGEMENT
Reported by Wayne Carpenter March 10, 1958
INTRODUCTION
Since its discovery in 1886 (l), the Beckmann rearrangement has
found wide application and interest in organic chemistry. Consequent-
ly, it has been the subject of frequent review (2,3,5). In view of
the extensive literature on the subject, this report will not describe
any of the synthetic applications of the reaction, but will be limited
mainly to a discussion of the mechanism of the catalysis and migration
steps
.
The Beckmann rearrangement in its most general form is the
conversion of a ketoxime to an amide by use of any one of several
reagents: PC1 5 , H2S04 , HC1, SbCl 5 , BF3 , A1C1 3 , 0SO2 C1, AcCl,
polyphosphoric acid, and others.
< The ° H
8-C=-N Reagent^ C—
N
R \>H H \*
Meisenheimer showed that the group which is anti to the oxime
hydroxyl group is the one which migrates to the nitrogen atom. His
proof rested on the determination of the structures of the amides
formed by the rearrangement of oximes whose syn - or anti -configuration
had been determined by several independent methods (b
)
. A complete
summary of these methods has been given by Blatt (2). syn -Migration
has apparently occurred in a few instances, but may be attributed to
isomerization of the oxime before rearrangement (7) • The isomeriz-
ation and relative stabilities of syn - and anti -oximes will not be
discussed in this report, but are discussed by Donaruma and Heldt (5)
and by Brown and von Gulick (7,8).
The Beckmann rearrangement has long been believed to be an
intramolecular process. Kenyon and coworkers (9>10), have shown
that the migrating group is transferred with retention of configur-
ation, as shown by a study of the optical activities of the products.
This fact hardly permits any other than an intramolecular mechanism.
MECHANISM
The study of the mechanism of the Beckmann rearrangement is
complicated by the fact that so many different types of acidic
reagents will bring about the change. It was early recognized by
Beckmann himself that different reagents might cause the rearrangement
by different mechanisms. This proposal has later been verified, at
least in part.
The present concept of the mechanism may be illustrated by the
rearrangement of acetophenone oxime by benzenesulfonyl chloride.
/ ^
\
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N—OH
^(icHa
EfeOgCl
,
fast
^ slow
0CCH3
II
fast
H2
'CH3
OH
0-N=i-CH3
N—OSO2
^fCCHa
XJ-CH3
II
9
-1 OSO2
OSO2
0-NH-COCH3
Step I
Step II
Step III
Step IV
The reaction may be broken down into four steps as indicated.
Steps I and II will be discussed in detail.
Step I - Formation of the Leaving Group
The leaving group may be defined as the group which leaves the
nitrogen atom in the process of rearrangement.
By ester formation -
A large group of reagents which catalyze the Beckmann
rearrangement react with oximes. to produce esters which are
potentially capable of ionization. This group includes the ac3d
halides, P0C13 , PC1 5 , H2S04 , and polyphosphoric acid.
Kuhara (2,3) caused benzophenone oxime to rearrange in the
presence of acetyl chloride, chloroacetyl chloride, and benzene-
sulfonyl chloride. (See Table i)
It was found that the rate of
rearrangement was related to the
electronegativity of the acyl
group, i.e., the rate was a
function of the tendency of the
leaving group to ionize.
Table I (Percent Rearrangement)
(Time
(Min)
AcCl
J CICH2COCI
10 61.0
60
j
26. 9 j 70~"7
.120 p-3.9
I
7^7§
03O2C1
SSL
Benzophenone oxime O-benzenesulfonate was prepared and wasfound to rearrange upon melting, heating in a solvent, or simply
upon standing in air at room temperature. The rearrangement could
even be effected in pyridine. The corresponding acetate ester,
however, would not rearrange unless HC1 were present. Furthermore,
the molar quantity of benzophenone oxime acetate rearranged was
equal to the molar quantity of HC1 added. This result can be
explained on the assumption that the acetate group of the ester
must be protonated in order to make it a good leaving group. The
benzenesulfonate moiety is a good enough leaving grouo so as not
to require protonation.
$2C=N0Ac H+ 2C=NH-OAc —
^
" $ *
* HOAc
2C=N-OHAc B.R. &-C=H-0 Cl~ 0CONH0 + AcCl
w:
:•
')
.
•}
'
. I . .. . s - . \
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Sulfate esters have also been prepared and found to rearrange
upon heating (ll,12).
From Ethers -
Ordinary oxime ethers do not possess a good enough leaving
group to undergo rearrangement. However, it was found that the
2,4,6-trinitrophenyl ethers of oximes would rearrange readily upon
heating (13). The picrate anion is quite stable and makes an
excellent leaving group. The product of the rearrangement is the
N-picryl derivative of the rearranged amide.
The picryl ethers are often used in studying the kinetics of
the Beckmann rearrangement because they rearrange with a minimum of
side reactions and require no catalyst.
Methyl ethers of oximes can be made to rearrange if strong
Lewis acid catalysts such as SbCls (l4) or BF3 (3) are used.
N-OCH3
0-C0-
SbCl 5 OCHa
0-N=C-0
125°
By Protonation -
Still another way of forming a leaving group is by protonation
of the oxime. Although most of the oxime is probably protonated on
the nitrogen atom, a small amount of the oxonium salt should be
present in equilibrium with the immonium salt. All strong acids
are thought to be able to catalyze the rearrangement in aqueous
solution by this method (15).
R2C=NOH H
$
R2C=NH-OH R2C=N-OH: etc
Although HC1 may catalyze the rearrangement by protonation, a
different mechanism is envisaged for the formation of the leaving
group when HC1 is the catalyst (16,17). Chapman studied the HC1-
catalyzed rearrangement of benzophenone oxime.
TABLE II
100
m l?0 TooTime (min)
150 200
Catalyst
A-- .42 moles HC1
B-- .42 moles HC1
~$Q09 benzanilide
70$ benzophenone oxime
C-- .41 moles HC1
.002 moles 0-C=N-0
D-- .002 moles Cl H
.}".
..
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When benzophenone oxime was rearranged in the presence of HC1
alone, an initial period of slow conversion was followed by a period
of more rapid conversion (a) . When a mixture of 30% benzanilide and
70$ benzophenone oxime was used instead of the pure oxime, the length
of the initial slow period was decreased (b) . When N-phenylbenzimi-
doyl chloride (0-C=N-0) was added in trace amounts, the initial slow
CI
period was eliminated entirely (c). When trace amounts of N-phenyl-
benzimidoyl chloride were used in the absence of HC1, only a 10$
conversion was realized (d) .
The explanation of the above data is that N-phenylbenzimidoyl
chloride is an intermediate and also a catalyst. It can be produced
by the slow rearrangement of the protonated oxime or by reaction of
HC1 with the rearranged amide
.
» - y
1
2C=NOH2 ^— 0-C=N-0 <
HCl 0fCO-NH0
-H2 -H2
III IV
Once formed, it acts like an acid chloride and esterifies more
of the oxime to produce an ester which, when protonated, can
rearrange to produce a bis (N~phenylbenzimidoyl) ether. This ether
can then be cleaved by HCl to produce one molecule of N-phenylbenzi-
midoyl chloride and one of benzanilide.
It111 IV
. 2C=N-O-C-0
V
§ 0-N p-0
v JL-+ b^-> jM-o-ft-j* vi
0-N HN-0
! vi 3£_* 0-li-ci + o=c-p
Stephen and Staskun (17) showed that nearly equimolar amounts of
N-phenylbenzimidoyl chloride and benzanilide are produced by the
rearrangement of benzophenone oxime under anhydrous conditions.
It is interesting to note that chlorimines, which have been
shown not to be Beckmann intermediates (l8) on the basis of their
unreactivity, can be induced to rearrange by the use of a sufficiently
strong Lewis acid such as SbCls (19).
With the different reagents which catalyze the Beckamnn
rearrangement it is possible that different rate -controlling stepe
may be involved. For example the rate-controlling step in the
rearrangement of acetophenone oxime by BF3 is thought to be the
conversion of the more stable immonium salt to the oxonium salt (8).
CH3 CH3
=N_0H Sl0w > ?-C=N
iF3 14°-150
° i
0-C= -O $/-C=N-0H faSt -> B.R.
»:.;j lO _ '..>.';"
V
... .
.';".<
.'•v.-.2 0r>
Li- 1:
wo.«
••1
<
-t- V,'
r i / :'
;?'H.XO ^i>j'; , ' ; '.:>.j\.i
s '"- - j. • - ••
, f; 3 «:;(.;< •«;
i .... V ! C
.'." '0.1:
i'.-.O
j3. J i
»„'SJ-.; I
••
:<SV
-:.-iom '.'O'i: i '.- i '-V- .' 1' 1/
S-
:
SB!
(3)
• ;
>
'•.
eii
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The conversion of the SbCls-immonium salt of the chlorlmine
of benzophenone to the corresponding chloronium salt might be
considered as an example of the extreme case of this type of rate-
controlling step, since the conversion is so slow that it does not pro-
ceed at all . However, the chloronium salt (prepared by a different
method) undergoes rearrangement quite readily (l^).
0-C=N-Cl —^» 0-C=N-Cl £2£^-> b.R.
SbCl 5 SbCl 5
A second possible type of rate-controlling step is ester for-
mation. Pearson (ll) synthesized the sulfate ester of acetophenone
oxime and found it to be very unstable. It rearranges with nearly
explosive violence when heated. He reasoned that the rearrangement
of such an unstable compound could hardly be the rate-controlling
step. If, indeed, the sulfate ester were an intermediate for the
rearrangement in sulfuric acid, it would be conceivable that the
rate -determining step is the formation of the ester. However, the
results of Ogata (20), who determined the dependence of the rate
of rearrangement of cyclohexanone oxime in sulfuric acid on the
acidity functions (Ho and Jo)* would seem to indicate that the
species which takes part in the rate -controlling step is a cation
formed by the dehydration of the protonated oxime. Such an inter-
mediate, however, is not possible in view of the infallible "trans -
migration" principle. The rearrangement in sulfuric acid is very
complicated at best and will require further study before final
assignment of the rate -controlling step can be made.
Step II - Formation of the Bridged Cation
A third type of rate -determining step to be considered is the
simultaneous ionization of the leaving group and transfer of the
migrating group.
Chapman (15) has shown that the rate of rearrangement of
benzophenone oxime -O-picryl ether is greater in polar solvents than
in nonpolar solvents, but it is first order in all solvents.
Electron-donating substituents on the migrating phenyl group increase
the rate and electron -withdrawing substituents decrease it (2l).
These two facts indicate that the rate -controlling step involves
ionization of the picrate moiety with some nucleophilic "push" by
the migrating group
.
Pearson (22) made a study of the correlation between log(k)
for a series of para -substituted acetophenone oximes and the
corresponding sigma values and found that the Hammett relationship
was obeyed for all the compounds tested except for the p-t -butyl-,
p-chloro-, and p-methoxy-acetophenone oximes. The latter two had
log(k) values greater than expected from the Hammett relationship
and the p-t_-butyl group had a log(k) value less than expected. The
higher values than expected for p-Cl and P-OCH3 were attributed to
unusual resonance stabilization of the transition state. The value
for p-t -butyl was attributed to a "bulk effect" of the t-butyl group.
I.C
.:- : •
' i-
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The transition state was postulated to be as follows:
\ N
^_JvC-CH3
If the p-t-butyl group causes a decrease in the expected rate
by virtue of its bulkiness, the same effect should be obtained by
3,4, 5-trimethylacetophenone oxime. It was indeed found that
3,4, 5-trimethylacetophenone oxime rearranged more slowly than would
be predicted from the sigma values of the methyl groups (23) . The
"bulk effect" of the p-t_-butyl and 3,4,5-trimethyl groups has not yet
been explained.
It was found "that acetophenone oximes in which the oxime group
is flanked by an ortho -substituent rearrange much faster than those
in which the substituent is in the para -position (24,25,26). It was
shown by u.v. spectroscopy that the C-N bond in ortho -substituted
acetophenone oximes has much less resonance interaction with the
phenyl group. These facts are further evidence for Pearson's theory
of the transition state. The lowered resonance interaction in
the ortho -substituted acetophenone oximes causes them to be at a
higher energy level, thus facilitating the formation of the transition
state. Since the oxime group is crowded out of the plane of the ring,
it is in a more geometrically favored position to form the transition
state (26).
The most recent work is that of Huisgen. In his kinetic studies
he chose to make use of the oxime picryl ethers, since the acid
catalyzed Beckmann rearrangement is beset with many uncertainties as
to the rate -controlling step and the exact nature of the intermediates.
Huisgen (27) determined the rate constants and enthalpies of activa-
tion for the rearrangement of cyclanone oxime picryl ethers and
found that log (k) as well as -^.H^ alternated with increasing ring
size. See Figure I.
state .
30 .
He reasoned that in the transition
an endocyclic double bond is being
formed and that even-membered rings
prefer endocyclic double bonds and /?L*J \
odd-rnembered rings prefer exocyclic ^
double bonds, a fact which has been
shown for the 2-carbalkoxycyclanone
(28) and lactam (29) ring systems.
FIGURE I
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When the 1, 2-benzocyclen-3-one anti -oxime picryl ethers were
caused to rearrange, a striking dependence of the rate on ring size
was noticed (30,31).
N-OT 9
N OT
<CH2 ) n-3 (CHs)n-3
etc
.
For the syn -oxime picryl ethers much less dependence on ring
size was noticed; see Table III.
These results can be explained on the assumption that a bridged
cation is formed by an electrophilic attack on the phenyl ring by
the electron-deficient nitrogen
atom. The three -membered ring
formed in the transition state
is not coplanar with the phenyl
ring. Molecular models of the
(
TABLE III
5
6
7
8
7
8
n
lantij
Relative Rate
nil
(syn)
.02
1865
429,000
6.43
2.96
bridged cation considered to
approximate the transition state)
show that the polymethylene
sidechain is not long enough
to allow the transition state to
form when n equals 5 or 6. Only when n equals 8
state relatively strain-free. The difference in
syn - and anti - oximes (n=7,8) points out the superior migration
tendency of the phenyl group over alkyl groups
.
is the transition
rates between the
That the bridged cation is a true intermediate similar to
Cram's phenonium ion has been proposed by Huisgen (32), who gives
the following arguments: l) Although a three -membered ring containing
a double bond is a strained structure, it has been isolated as an
intermediate in the Neber rearrangement (33 ,34), which may be looked
upon as a Beckmann rearrangement gone awry.
NOH
^CH2(!CH3 ^
S02C1
->
pyridine
N
0CH—^bCH3 H2
NH2
-1 'I0CH— CCHs
2) The values of log(k) for the rearrangement of para -substituted
acetophenone oxime picryl ethers were found with few exceptions to
obey the Hamrnett relationship. The value of rho was calculated to
be -4.1. This value falls v/ell within the limits of rho values for
electrophilic aromatic substitution. These limits have been assigned
by Brown (35) as -3 to -10. 3) The few values of log(k) which
gave a positive deviation from the Hamrnett plot were those of
substituents which are capable of stabilizing a positive charge
by resonance. This type of deviation is characteristic of
electrophilic ring substitution.
Huisgen next measured the effect of the nonmigrating group on
the rate (36). If one assumes the transition state to be a resonance
hybrid of the following structures,
~rz/ $
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it follows that electron-repelling groups in the nonmigrating moiety
will stabilize the transition state. The rates of rearrangement of
various acylophenone oxirne plcryl ethers were found to decrease in
the following order according to the nonmigrating alkyl group, R:
isopropyl^ ethyl, n -propyl^ benzyl > methyl y \ chloromethyl . The rate;
obtained are in harmony with the relative electron-repelling effects
of the various alkyl groups
.
For alkyl group migration (-jfea contraert to phonyl migration ) it
has not been established that there is a three -membered ring inter-
mediate . Perhaps alkyl group migration does not involve a well
defined intermediate, but takes place in a single step. Since the
relative migration tendencies of alkyl groups are in the order of
t -butyl} isopropyl} ethyl }> methyl (36> 37), it might be concluded
that there is some degree of positive charge on the alkyl group as
it migrates. However, one cannot exclude the possibility of steric
acceleration, since the relative rates of migration are in the same
order as the bulkiness of the groups.
Step III - Formation of the imide intermediate .
It has long been established that the Beckmann rearrangement
proceeds through an imide intermediate. The evidence for the imide
intermediate is based on the actual isolation of imides and deriva-
tives of imides from the Beckmann rearrangement (38,39>40,4l) . They
will not be further discussed here.
Step IV - Rearrangement of the imide to the amide .
In the preparative applications of the Beckmann rearrangement the
imide intermediate is usually hydrolyzed and isomerized to the amide
directly, but the imidoyl picrates (VIIl)^ formed by rearrangement of
oxime picryl ethers (VIl), undergo further rearrangement to the
corresponding N-picryl amides (ix)
.
N-OT 0T TO
0-C-CH3 -> 0-N=C-CH3 0-N-CCH3
VII VIII IX
An analogous reaction to step IV (above) is the thermal
rearrangement of N-phenylbenzimidoyl phenyl ethers (X, analogous to
VIII ) to N, N-diphenyl benzamides (XII, analogous to IX) (42). This
reaction was found to be first order. Rate studies indicated that
electron-withdrawing substituents on the migrating phenyl group
increase the rate of rearrangement in accordance with the Hammett
equation, where rho equals + 1.73 (^). The function of the electron-
withdrawing group is, therefore, to stabilize a negative charge
generated in the transition state. Wiberg (4) has proposed a
mechanism involving nucleophilic attack of the basic imine nitrogen
atom on the migrating phenyl group to produce a four-membered cyclic
intermediate (Xl)
.
\V 0-C— Q 0-C-=O
0. n
^ n
/_\)-h —> 0-k—r^** — 0-ik—^r^,
r*
X XI XII
By analogy this mechanism may be considered as the one involved
in the conversion of VIII to IX.
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FREE RADICALS IN GLASS
Reported by J. R. Hanley, Jr. February 24, 1958
INTRODUCTION
The majority of odd electron molecules either cannot exist
under conditions of thermodynamic equilibrium except at concentra-
tions too small to measure or can exist at measurable concentrations
in equilibrium only under conditions of temperature or pressure
which do not readily lend themselves to investigation. Under normal
conditions, the rate of establishment of equilibrium is so rapid that
the average lifetime of a species at concentrations high enough to be
observed directly rarely exceeds a few milliseconds and may be much
less (l). As the methods of production and detection of free
radicals in both the liquid and vapor phases have been covered quite
extensively by several authors (2-l>)> it will be the intent of this
seminar to deal mainly with the production, detection and study of
some free radicals trapped in rigid hydrocarbon solvents at liquid
nitrogen and liquid helium temperatures and to outline some of the
apparatus and procedures necessary to accomplish this. Mention,
however, will also be made of a fairly recent method which involves
the condensation of free radicals in the gaseous state directly on a
cold finger at liquid nitrogen or liquid helium temperatures, and
which is finding increasing application to the study of the less
stable free radicals.
EARLY WORK
Free radicals may be formed in many different ways among which
are: thermal decomposition, electrical discharge and photochemical
dissociation; however, for the purpose of formation of free radicals
in solid hydrocarbon media it will be subsequently pointed out that
photochemical dissociation is the only suitable method.
Thermal decomposition and electrical discharge methods are
employed, though, in the case of the free radical condensations
mentioned above.
Due to the short lifetime of radicals in suitable concentrations
for direct observation, special rapid recording techniques had to be
developed in order to make these observations possible.
In 19^9 j Norrish and Porter (15) realized the inadequacy of
experimental techniques which would enable the extension of investi-
gation of free radicals to intensities of light higher than those
provided by the sun and high pressure mercury vapor camps (2000-
5000 A), which were the only devices available at the time. Taking
note of the observation that photochemical reactions are not much
altered in their course by changes of light intensity, they adapted
a gas-discharge lamp used in photography to the purpose of initiat-
ing photochemical decompositions, employing quartz tubes and
tungsten electrodes. This technique was also independently intro-
duced by Davidson and co-workers in 1951 (10).
This method of flash photolysis has found extensive application
in both liquids and gases (9, 11, 12, 14); however, the necessity
for rapid recording reduces the sensitivity of the measurement, and
'.
' I
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the number of physical parameters which can be measured in this
manner is limited. The difficulties encountered in applying
infra-red spectroscopy and similar techniques to free radicals,
together with some applications of these techniques have been
recently reviewed by Porter (l6), Potts (17), and Sinsheimer (18).
It was noted clearly that a great advantage would be gained if
one were able to prepare free radicals and similar reactive
molecules under conditions such that their lifetime was extended to
a period of sufficient length to enable any physical property to be
measured by conventional methods without recourse to rapid recording
(i.e., extend the lifetime of theparticle to a period of minutes
rather than milliseconds). The short lifetime of free radicals is
generally the consequence of collision quenching (19) which involves
one of two classes of rapid reaction:
a) Recombination with a second radical usually with nearly
unit collision efficiency.
b) Rapid reaction with other molecules, especially when the
molecules are in high concentration, such as when they form
the solvent
.
The reaction with other molecules could be reduced by a proper
choice of the solvent employed, as this reaction is usually
accompanied by a considerable activation energy (one can usually find
a solvent whose energy of activation for reaction with a particular
radical is of the order of a few kilocalories or greater). Working
at low temperatures could also reduce this reaction to a negligible
amount (1). Recombination (reaction "a") may have a zero or even
negative temperature coefficient and, therefore, recombination could,
in theory, occur with high collision efficiency at all temperatures
(19). We can only inhibit the reaction by use of a viscous medium
in which we can separate the radical formed from its neighbor and
in which its diffusion would be very slow. Such a medium is a hard
hydrocarbon glass. It has been common experience that molecules
imbedded in such a glass retain their spatial position for a very
long period (1, 17).
SOLVENTS APPLICABLE TO LOW TEMPERATURE FREE RADICAL STUDIES
Two methods of approach are available for the production of a
solution of free radicals trapped in rigid media (l). They are:
a) trap the radicals by rapid freezing after preparation, or
b) produce the radicals "in situ" from the parent substance
already dissolved in a rigid medium at low temperatures.
In view of the fact that the lifetime of many intermediates is very
short, approach "a" entails considerable experimental difficulties;
thus, approach "b" is the one employed by the majority of the workers
in the field. It is quite evident that if we are to use rigid
solvents in our studies, thermal methods cannot be employed nor can
an electrical discharge of desired magnitude be passed through the
rigid solution; we must, therefore, use radiation of some kind.
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Photolysis methods have proven to be applicable if dissociation
occurs as readily in rigid media as in fluid solvents or gases. No
evidence showing failure of photolysis in solid media, when photo-
lysis occurs in liquid or gaseous media has been found by this
author.
According to Potts (17), the solvents used for rigid media must
be transparent over a reasonable portion of the spectrum under
investigation (u.v., visible or I.R.), must form a stable glass upon
cooling with liquid nitrogen and the glass formed must remain rigid
during irradiation.
A number of pure hydrocarbons form glasses at 77°K., but they
tend to crack or crystallize more readily than mixtures. IJorman and
Porter (l) report the use of pure isopentane and pure 3-methy1-
pentane but claim isopentane will still flow slowly at 77°K. under
manual pressures and that most attempts to use it for radical
trapping have been unsuccessful.
Norman and Porter (1) claim that 3-methylpentane is quite
satisfactory except under intense illumination, when it softens.
However, Potts (17) points out that this hydrocarbon is limited by
the fact that it sets at a temperature above 77°K. and contracts with
further cooling, giving a very deep meniscus or cracks in the hydro-
carbon glass.
When substances other than hydrocarbons can be used, a mixture of
isopentane. ether and ethanol (E.P.A.) is found to be most satis-
factory (1). Some of the hydrocarbon mixtures found to be useful
are listed in Table I.
Hydrocarbon Mixtures Suitable for Glasses (1, 17, 21)
(a) 3-methylpentane-isopentane (3 MeP.p) (3:2), (1:6)
(b) isopentane-methylcyclohexane (P.MeH) (3:2) . (6:1) (1:4)
#
This ratio is reported to be superior in all respects to all other
glasses (17).
The transmission properties of some of the spectrograph^
solvents are listed in Table II.
^y ' -
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TABLE II
Transmission Properties of Some Spectrographs Solvents
Compound
Ethanol (22)
Transmission Limit at
Room Temperature Transmission Limit of cm
1-cm Path 0.14 mm Path path of glasses at 77°K.
ca.2100 A
2130Ether (22)
Isopentane (2*0 1770
Water (22) 1870
n-Heptane (24) 1950
n-Perfluoro-
octane (23) ca.l800
3-Methyl
Pentane (24) 1950
Methylcyclo-
hexane (24) 2100
1890 A
1980
1720
1785
1720
1580
1720
1780
2 parts Ethanol j o
5 parts Isopentane^. ca..2200 A
5 parts Ether ; (17)
1 part 3-Methylpentane hftjo
6 parts Isopentane
6 parts Isopentane
1 part Methylcyclo-
hexane
J (17)
1700
(17)
APPARATUS
The design of apparatus for studies at low temperatures is of
great importance. Low temperature cells which permit spectral
absorption and emission measurements as well as high energy irradia-
tion of the materials held at liquid nitrogen or liquid helium
temperatures are described by several workers in the field (1, 17>
25; 26). In general, the apparatus consists of a suitable call
fitted closely between two inner windows of a Dewar flask constructed
of such a material that the desired radiation may pass through. The
cell employed should be removable from the Dewar flask without empty-
ing the liquid refrigerant as this not only permits rapid transfer
to a bath at another temperature (to observe phenomena which are
detectable at a higher temperature), but also protects the more
valuable Dewar flask in case the cell is broken by expansion of the
solvent on warming (a not too infrequent occurrence, according to
Norman and Porter (l) ).
APPLICATIONS
A considerable amount of attention has been devoted to the
optical behavior of a great number of molecules dissolved in rigid
glasses at low temperatures. These observations have been mainly a
study of fluorescence and phosphorescence. However, a notable
exception is the investigation of Lewis and Lipkin (27) on the
primary photochemical processes of some aromatic molecules and
dyestuffs in rigid media. They report evidence for photo-ioniza-
tion as well as dissociation into radicals and were able to observe
the spectra of labile substances for a long time after irradiation.
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These observations were limited, however, to relatively stable
radicals such as the t riphenylinethy1 and diphenylamino radicals,
Norman and Porter (28), on repeating this worlc, reasoned that
if the radiation used was of a frequency greater than that required
for dissociation, the excess energy of the quantum absorbed must be
dissipated as heat. This excess energy in a typical case, such as
the photolysis of ethyl iodide using radiation of 2537 8, will
amount to over 50 kcal/mole (l). Since a temperature rise of 10°C
is sufficient to produce noticeable softening of the hydrocarbon
glass, each quantum absorbed by a molecule of ethyl iodide should
result in a lowering of the viscosity of several hundred of the
surrounding solvent molecules which would be sufficient to enable
the radicals formed to diffuse apart. The heat would, of course, be
rapidly conducted away and the glass would again become rigid
consequently trapping the radicals. An apparant objection~to this
postulate would be the primary recombination effect of Franck and
Rabinowitch (20) which was previously mentioned and which might be
expected to operate very efficiently in glassy solvents; however,
no serious limitations due to this effect have been noted (1).
A. CARBON DISULFIDE
In the gas phase, carbon disulfide undergoes photochemical
decomposition according to the following equation:
c s2
hv
> «C S + S«
The spectra of CS« and S2 have been detected after photolysis (9).The CS- radical eventually disappears by a wall reaction having ahalf-life which may be as long as several minutes. This radical has
never been detected during irradiation of a hydrocarbon solution of
carbon disulfide at 20°C, although decomposition and the separation
of a yellow solid has been reported (29). After several minutesirradiation in a rigid glass solution (3 MeP.P) at 77°K, the firstfour oands of the V = o progression of "CS" appear at a very hi^hintensity and can be observed for many hours (28). On warming theglass, tne spectra^disappears instantly. The absorption spectra ofthis solution observed at 195°K after photolysis at 77°K, snowed notrace of absorption by "CS". At no time was the spectrum of molecu-lar sulfur (S2 ) observed, which is logical as sulfur atoms are notaole to recombine in the rigid media and as the glass becomes fluid,tne polymerization of sulfur molecules can very rapidly occur.
B. CHLORINE DIOXIDE
Upon irradiation, the chlorine dioxide spectrum, mainly diffusein glassy solvents is rapidly destroyed and replaced by a second
rePorted
S
for FEN^n BOSl^or\°? WhlCh agrees e^tly with that
£h?q if * . C °* radlcal (maximum intensity 2700 8) (14).
tion in
n
ri4dP^dl t0 ^ postulate tha* «» photochemical dissocia-
for the gaflhase'reactiSn.
3^ ™ ttat rep0rted * LipsCOmb <»>
cio2 = cio. + o«
0. + C102 = C103 (Ifo formed)
0. + CIO. 3 ci020.+0« + M « 2 + M
2 CIO- = ci2 + Op
•• ':
,'. ..
i .
The lifetime of the
milliseconds (13).
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"CIO" radical is reported to be a few
The irradiation of iodine, resulting in the disappearance of
the molecular spectrum (1, 28), has been reported as well as that
of other inorganic molecules. However, the procedures employed are
similar to those outlined above and therefore, will not be
con s idered he re .
C. ETHANOL
Irradiation with ultraviolet light of a variety of unstated
photochemically active compounds dissolved in rigid glasses
immersed in liquid nitrogen and containing ethanol as a major
component produces an intense violet coloration which is lost as
soon as the glass softens, Symons and Townsend (30) postulate that
this violet coloration is due to a free radical formed from
ethanol by the abstraction of a hydrogen atom. In support of this
postulate, they note than the violet glasses are always para-
magnetic, the paramagnetism being lost together with the color on
softening of the glass (31) , and the absorption due to the violet
color is the same regardless of the photoactive substance employed.
The spectra of the glasses measured in the visible and ultra-
violet region show that the violet color is caused by a species
having a peak at about 517 m/u. When hydrogen peroxide (10"2M) was
photolyzed in ethanol, this was the only new absorption band
observed in the 2^0 to 1000 m/u region (30). In particular no band
or shoulder appeared near 300 m/u, thus indicating no build-up in
the concentration of free hydroxy1 radicals which are known to
absorb strongly in this region. A "cage" back reaction of hydroxyl
radicals to give water and oxygen atoms cannot account for the
violet band observed.
The reaction: HO- + H2 2 » H2 + H02 • is improbable in dilute
solutions. Glasses containing only water and hydrogen peroxide
(40$) became strongly paramagnetic after prolonged irradiation;
under these conditions, the H02 • radical could be formed but the
glass remained colorless. A summary of the results of photolysis
in several solvents appears as Table III.
TABLE III
Colors Produced on Photolysis of Several Solvents
Compound Photolyzed Solvent Color
None EtOH None
Hs02 EtOH Violet
H2°2 H3PO4 None
Hs02 H2 - H2 2 None
C1°2 EtOH Violet
cl°2 Mixed Hydrocarbons None
I ' ' 1 I"
o
';
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It may be concluded from the above observations that the
violet color observed is due to a radical produced by a secondary
reaction with the ethanol portion of the solvent. The radical
produced may be one of the following:
•CH2CK2 OH CH3CH2O CH3CHOK
I II III
Radical I may be rejected as simple alkyl radicals do not absorb in
the visible or near ultraviolet region. As the irradiation of
di-t-butylperoxide in ethanol does not result in any coloration,
although the glass does become paramagnetic, ethanol is not attacked
and the paramagnetism was attributed to t-butoxy radicals in
solution which are therefore presumed to be colorless. Since the
replacement of a hydrogen atoms by a methyl group is unlikely to
result in a large displacement of the absorption band, it was
concluded that radical II is also colorless. In view of the
possibility that the dissociation of t-butoxy radicals into methyl
radicals and acetone might occur in glasses at low temperatures,
this conclusion is somewhat tenuous.
Because of the resemblence of radical III to the H02 • radical
(32), it may be expected to undergo a permitted low-energy transi-
tion (33) and is, therefore, probably the trapped violet radical.
This conclusion is claimed to be supported by the results
obtained from paramagnetic resonance studies which were not
discussed further.
It appears therefore that despite the low temperature
employed, highly reactive radicals formed in a glass are able to
react with the surrounding medium to form new radicals which are in
turn trapped.
D. BENZENE
An interesting case involving free radical formation in rigid
media is that of the photochemical decomposition of benzene
reported by Gibson, Blake and Kalm (3*0* and later by Norman and
Porter (1)
.
Nauman (35) found that when a sample of benzene in E.P.A.
(5:5:2) was exposed to ultraviolet light at 77°K for a period of
one hour or longer, one could notice a decrease in the intensity
of phosphorescence with time. VJhen the sample was brought to room
temperature, re frozen and again irradiated, the return of phos-
phorescence was not quite to the total phosphoresence observed
initially. It was concluded that some of the benzene was being
converted into another compound and that the reaction occurring was
irreversible (3*0. In order to explain this change in phosphores-
cence, it was postulated that the photochemical reaction produced
a region of nearly opaque material on the surface of the sample
container and, therefore, prevented any further excitation of the
benzene molecules in the solution by the ultraviolet radiation. On
melting, the new substance formed was distributed throughout the
bulk of the solution and the intensity of the phosphorescence
observed returned to almost its original value, the small difference
c ?; 'i ',
;
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being attributed to the shielding effect of the dispersed decomposi-
tion product.
The experiment was repeated, the solution being exposed to
irradiation until the intensity of phosphoresence observed
dropped quite noticeably and the sample then kept at liquid
nitrogen temperature for 1-1/4 hours without further irradiation.
At the end of this time, the sample was exposed to ultraviolet
light just long enough to measure the phosphorescent intensity; it
was found the intensity had not changed during this time. Compari-
son of the ultraviolet absorption spectra of the solution before
and after exposure showed that a definite change had occurred,
since the extinction coefficient had increased enormously and the
structure of the spectrum had changed completely. The investiga-
tion of benzene solutions in other hydrocarbon glasses produced
similar changes in absorption. Some of the intensity maxima
measured in rigid glass solutions are given in Table IV.
TABLE IV
Absorption Maxima of Benzene Solutions (1)ooo
Isopentane glass 2781 A, 2672 A, 2559 A
E.P.A. glass 2766 A, 2659 A, 2552 A
No spectral changes are reported in these areas in the case of
ultraviolet irradiation or flash photolysis of benzene in the vapor
or liquid phases or in hydrocarbon solutions at normal temperatures
even at the shortest times which could be studied (1, 34).
Irradiation of the solvents at room temperature and at liquid
nitrogen temperature gave no change in spectra. Therefore, the
observed change could not be attributed to a reaction which was
taking place with the solvent alone
.
Although the spectrum obtained had some characteristics of the
spectra of substituted benzenes, it was found that the extinction
coefficient was much too high for any of these compounds, thus
ruling out substituted benzenes as possible products. It was next
shown that oxygen and water were not responsible for the photo-
chemical reaction taking place.
A larger amount of the photolysis product was prepared for
further investigation by repeated irradiation, melting and re freez-
ing of the benzene -isopentane -methylcyclohexane solution. The
solution was distilled to half its volume at atmospheric pressure.
A spectrum of the distillate is reported to indicate that only
benzene and solvent had been distilled from the solution. The
distilland was concentrated by distillation until only the new
substance (indicated by its absorption at 275 m/u) and solvent
remained.
Upon evaporation of the solvent, an oil was obtained. A small
amount of this oil on contact with air for three weeks was found
to have lost its absorption. A portion of this material was found
to absorb bromine immediately, giving an indication of aliphatic,
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rather than aromatic, un saturation.
The investigation of various unsaturated molecules and their
respective absorption spectra gave an indication that the compound
was possibly a conjugated polyene. A comparison of the spectrum
of the compound with those of divinylacetylene and hexatriene
showed that the compound had a spectrum closely resembling that
of 1,3,5-hexatriene (36). The major discrepancy between the two
spectra was that the entire spectrum of 1,3,5-hexatriene is
shifted 7.5 m /u away from the visible region compared with that of
the decomposition product. The structures of the curves and
distances between the maxima were found to be the same and the
maximum extinction coefficient was of the same order of magnitude.
This may be explained by the observation of Pinc'card and others
(37) that in conjugated polyenes geometrical isomerism has an
effect on the maximum wave length as well as on the maximum
extinction coefficient. It is, therefore, reasonable, according to
the investigators (3^), to assume that the 1,3,5-hexatriene whose
spectrum was published by Woods and Schwartzman (36) might be that
of the cis-isomer while that observed for the benzene decomposition
product is the trains -isomer, which absorbs at higher wave lengths
and has a higher extinction coefficient (34). This assumption,
however, is not satisfactorily substantiated by the experimentaldata presented by the authors. They claim that the photolysis
product, supposedly 1,3,5-hexatriene (b.p. 78), was recovered in
the residue after distilling off the unreacted benzene (b.p. 80)
and a part of the solvent. Due to the closeness of the two boilingpoints, this separation appears to be extremely unlikely. Noinfra-red absorption data was presented to substantiate the
structure of the new compound. The role of the solvent appears tobe tmat of a contributor of hydrogen. Any solvent which is
capaole of forming a glass at liquid nitrogen temperatures and
contains hydrogen seems to be able to cause the reaction toproceed. It was noted that a solution of benzene in perfluoro-2-
metnylpentane (which forms a good glass if cooled slowly) produced
a change m the spectrum on irradiation; however, this spectrum didnot resemble the spectra obtained when solvents containing
^!?Sr wef? US6^ The sPectra obtained in this case had certainSf i3tlC ? of biphenyl, which would fit into the observationnoted by Krassma (38) and Prilezhaeva (39) in their work on thephotochemical decomposition of benzene vapor. However no
tit V21 t7? S Pr? sented ^ substantiate the presence of 'biphenyl,
removTofTh^ Wh±Ch 2°Uld be vlsualized as resulting from temoval of a hydrogen atom from a benzene molecule giving a nhenvl
?rom
C
t
a
he solvln^i^n/^1" *" ^ f lthM? ^ac/a hydrogefalomi mth olvere givxng, once again, benzene or combine withanother phenyl radical to give biphenyl. This reaction may
f°
C
°™V°£ thf formation of biphenyl in the vapor state? However
would "be ffi£ ^ t ^?lld State by one of th* se mechanisms '
"?"£? hignly xmprobable as the species are held in place in a
b auite »n" nradicfbffene or radical-radical collision would
cTon^e saTdPa^tWl„\hT^se1nce°1rfnUro^1n ffaoS'
!^So7^^Vf^tWArfferent pa*h and resulTs s ^
,!. 'A
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Irradiation of solutions of naphthalene and anthracene in
rigid glasses for comparable times to those used for benzene
produced no observable spectral change.
Substituted benzenes, such as halobenzenes, benzonitrile and
nitrobenzene, showed only diffuse absorption, which was also
present after melting the glass (1).
E. OTHER MOLECULES
The formation of free radicals in rigid media by photolysis
has also been investigated for a number of other molecules such as
ethyl iodide (1, 28), aniline (1) and other amines (40, 42),
pyrimidines (43), purines (43), toluene (1), and benzyl derivatives
(1), to mention a few. Some of the spectra observed and the
assignment of the probable radicals produced appear in Table V (1).
These assignments were, for the most part, made by comparison with
the gas phase spectra of the same molecule. In the case of ortho-
toluidine the assignment was based on a comparison of spectral
position and band width. The assignment of the probable radicals
produced by photolysis of aniline is of some interest. The 3083 A
band was compared with the 3008 A band found in the photolysis of
aniline vapor. The 4288 A band, appearing in the visible region
could hardly belong to the same species as the ultra-violet
spectrum, as it was always absent in the gas phase photolysis even
when the ultra-violet spectrum was very intense. It is believed
that this spectrum is that of the aniline radical cation for the
following reasons (l):
(a) Although it is a transient species, the position of
absorption is anomalous when compared with the spectra of neutral
free radicals such as the benzyl radical and the phenoxy radical.
(b) Lewis and Liplcin (27) demonstrated the occurence of photo*
oxidation processes in E.P.A. glasses by the loss of an electron
from triphenylamine and other substances containing an electro-
negative atom. (This is discussed in more detail below).
(c) The absence of the spectrum in the gas phase is explained
since only when solvation of the ion and electron are possible will
the energy required for photoionization (phot ooxidat ion) be
satisfied.
Lewis and Lipkin (27) noted that a molecule may be dissociated
by light into two radicals (phot odissociat ion) , into a positive
and a negative ion (photoionization) or into a positive ion and
an electron (photooxidation) . Phot ooxidat ion studies In hydro-
carbon glasses were reported on several molecules which contained
an electronegative atom, such astetraphenylhydrazine, burster's Blue
and triphenyl amine. In all cases the substances obtained were
identical to those obtained previously by chemical oxidation
(44, 45) and were confirmed by similarity of ultraviolet absorption
spectra. The authors speculate that the ejected electron becomes
attached to a solvent molecule, a group of solvent molecules or to
some unique point in the solvent determined by the rigid structure.
The electron is believed to be in a potential energy hole of
sufficient depth that the large electrostatic field of the ion is
unable to dislodge it. Upon raising the temperature, the ejected
electron is allowed to recombine with the positive ion and the
characteristic color attributed to the ion disappears.

Description
Molecule
J#-CH3
0-CK2 Cl
/Zf-CHaNHa
J#-CH2 OH
0-CH2CH3
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TABLE V
of Spectra Observed After Photolysis of AromaticSubstances in Rigid Glasses
CH3
0-CU2 -0
0-ClI2C
r
rt2-fl
0-im2
CH3
Solven -
E.P.A.
E.P.A.
E.P.A.
E.P.A.
P.MeH
and
E.P.A.
P.MeH
P.MeH
E.P.A.
P.MeH
E.P.A.
E.P.A.
0-OE
^-CCli3
*limit=The Ion
E.P.A.
E.P.A.
Radical Spectra
band Center (a)
318?
3082
3039
3182
3082
3047
3186
3078
3043
3184
3228 (E.P.A.)
3210 (PJ4eH)
2902 (E.P.A.)
2896 (P.MeH)
3225
3167
3097
3044
3351
3625
3450
3380
3088
4288
3217
3119
2870(limlt)
2860(limit)
Probable Radical
0-CH2 •
0-CHa •
0-CHa •
j#-CH2 •
0-Wi *
g wave length limit of a continuous absorption.
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Chjrilorobenzene, bromobenzene and benzophenone show no change
in spectra. Nitrobenzene, benzonitrile and o-chlorotoluene show
spectra of stable products only.
The use of hydrocarbon glasses appears to be applicable to a
wide range of atoms and free radicals. It seems likely that
through a proper choice of solvents and the use of still lower
temperatures, any free radical which can be produced by photolysis
can be stabilized in this manner and its properties investigated,
OTHER APPLICATIONS
Free radicals have also been produced in the condensed phase
without the use of solid hydrocarbon media. This is accomplished
by the rapid condensation on a surface cooled by liquid air,
nitrogen or helium, of free radicals produced when a gas or vapor
is passed through a furnace or subjected to an electrical
discharge. By use of this method, free radicals such as the methyl
radical (46, 47), dimethylamino radical (47, 48, 49) imine
radical (47, 50, 51, 52, 53), H02* radical (32) and atomic nitrogen
(54, 55, 56), have been isolated.
In view of the reported use of rigid media in conjunction with
nuclear reactions (57-61), it is believed this method of main-
taining highly reactive species in a rigid state will find
extensive application in the near future.
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THE STRUCTURES OF THE ANHYDROBROMONITROCAMPHANES
Reported by R. J. Tuite March 13, 1958
INTRODUCTION
In I899, Forster (l) synthesized (-)-2-bromo-2-nitrocamphane,
I, by the action of KOBr on camphor oxime. In the course of in-
or
vestigating its properties, he found that treatment of I with con-
centrated sulfuric acid at 0° gave a nearly quantitative yield of a
monodehydration product, Anh.-l. The author further noted thatdilute mineral acid treatment of Anh.-l produced a stable isomer
Ann.
-2. In 1956, van Tamelen and Brenner (2) discovered that treat-
ment of Ann.
-2 with concentrated sulfuric acid at room temperaturefor three days produced still another isomer, Ann.
-3. The course
of these reactions can be represented as follows:
Br
fa.
CioHi 6N02Br
cone.
H2SO4
0° reflux
Ci Hi 4NOBr
Ann. -2
Ci Hi 4NOBr
cone.
3 days
R.T.
H2S0^ Anh.-3
CioHi 4N0Br
It is the purpose of this report to review, in a critical way,the literature concerned with the elucidation of the structures ofthese three isomers. Special emphasis will be given to the recentpaper by van Tamelen and Brenner (2), since it is the first
recorded work in which modern chemical methods have been applied tothe study of these compounds.
STRUCTURE ELUCIDATION
Historical.
--In Forster 's subsequent papers (3), he attemptedto determine the structures of Anh.-l and Anh.-2. He found that a
similar pair of products was obtained from 2-chloro-2-nitrocamphane
whereas 3-bromo-2-nitrocamphane was indifferent to the reagent. He'
argued therefore that the 3 position must contain two hydrogen
atoms. Since 2-nitrocamphane also gave no reaction, he suggestedthat the halogen atom was necessary, its function apparently to makethe nitro oxygens more labile. From these and other considerationshe decided on the N-acyliminobromide structure II or III for Anh -1
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C^1
II III
A°?
es
^
and GinninSs (M later adopted structure II and postulatedthat Ann.
-2 was merely its enol form, that is the structure IV,
IV
This structural proposal was immediately dismissed by vanTamelen and Brenner, not only because its formation has no
suitable analogy, but also because the structure is not in accord
^^i1Xperlmen ^al facts ' For sample, mineral acid treatment of IIshould give either camphoric acid, V, or camphorimide, VI.
NH
C02H
V
In view of the fact that Anh.-2 is the more stable of the firsttwo isomers, van Tamelen and Brenner chose it for initial investi-
gation
.
Propertie s of Anh. -2.~ In addition to dilute HC1 treatment,
weakly basic reagents like KONH2 , 0NHNH2 , alcoholic ammonia (3), andalso heat alone (2) were shown to isomerize Anh.-l to Anh.-2Anh.-2 melts at 240° and is optically inactive. It is stable tobromine, permanganate, and zinc dust in acetic acid (l), and in
addition, is virtually transparent in the ultraviolet (2). Thesefacts indicate the absence of unsaturation. It also forms benzoyl
^ p
m
^n a^^nrlVa-M es and a , n ,1Srat ? ester (2, 2). Infrared peaksaL 2 '?? /^ (3 58 cm.
l
) and at 4.48/u (2235 cm. i ) indicate hydroxyl
and nitrile functions respectively. Furthermore, the hydroxyl
absorption is absent in the various derivatives.
rmu^T3 (3) , ob ?erved t:,at Ann. -2 was transformed by refluxing
a 7U^ al^al1 ifoformic acid and a liquid nitrile of the
t?pT^ o 9 13?J e nitrile, when subjected to basic hydrolysis,
Ifolauronic^cidfVII (3)f ^
lsom^ized ** dl^e HC1 treatment to
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CeHl3 .CN conc^jaOri, c 8H13 -C02 H dll » HC1 >
C02H
VII
There are various possible structures for the nitrile, since
acid treatment not only can result in double bond migration, but
also in Wagner-Meerwein 1,2 -methyl shifts. The various possibilities
are illustrated by the following structures VIII.
VIII
Determination of the correct structure was afforded by ozonolysi;
of the nitrile (2). The products were formaldehyde and a new
nitrile which was hydrolyzed in base to the known 2, 2 -dime thy1-3-
ketocyclopentanecarboxylic acid, IX (5). The C 9 nitrile thus proved
to have the structure X.
C02 H U-CN
IX X
This structure is in agreement with the ultraviolet spectrum,
which shows no selective absorption, and the infrared spectrum, which
has peaks at 6.08/u (1645 cm.""1 ) and 11.27
A
1 (890 cm."" 1 ), indicative
of the terminal methylene group (2).
Structure Assignment of Ann. -2*—By correlating this informa-
tion and incorporating it into a logical mechanistic scheme, the
number of possible structures for Ann. -2 can be reduced'
tremendously. It appears logical that formic acid and a nitrile
would arise from a base-catalyzed cleavage of a a-formylnitrile.
.9
/C— C-H
VOH
CN
I
C-H
Ah
-OH9
CN
>C-H L
I
OH
Since Ann.
-2 has no formyl group, but has a hydroxyl group and
a bromine atom and also generates an olefin (containing no bromine)
upon basic cleavage, the a-formylnitrile structure must have only
transient existence, probably as an intermediate. A reasonable path
.'•
'<
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which will explain these changes is a 1 ,4 -elimination attending the
base-catalyzed cleavage of a P-hydroxyl-<J
-bromonitrile.
>C—
(j
CN
a
H
(3
Br
-C— C<
I
Y *
—
>
Br^CN of; s-\
i
CN
.?
x c
— c H +
a
C= 0< Br
Tnere are many analogies for this reaction (6); e.g., 3-bromo-
2,2-dimethylpropanol is converted to isobutylene and formaldehyde bythe action of a strong base.
Since a terminal methylene group is produced, either the y~
or the £ -carbon must contain two hydrogen atoms. Correlation ofthis information with the nitrile structure X suggests the two
structures XI and XII for Ann. -2.
^CH2Br Br
L j\—OH
CN
XII
Since Ann.
-2 is unaffected by hot AgN03 treatment (2), itappears that only structure XII (4-bromo-2-hydroxyapocamphane-l-
caroonitnle) will accommodate all the chemical evidence presented.
Route to Ann.
-2 derivatives via known
similarity of Ann.
-2 to the camphor carbon-
confirmation for structure XII is possible,
head bromine on Ann.
-2 (along with nitrile
accomplished by sodium in ethanol treatment
proved successful for this purpose (7). To
reaction, however, the tetrahydropyranyl etby reaction of Ann.
-2 with dihydropyran in
drops of HC1. The resulting ether was then
in ethanol treatment, followed by HC1 ether
amine XIV, a green oil, was isolated as the
reaction scheme is as follows:
?r Br
compounds.—Due to the
oxygen system, independent
Removal of the bridge
-
reduction) can be
,
a process already
avoid the elimination
her XIII was first made
the presence of a few
reduced by the sodium
-cleavage. The resulting
tosylate XV (2). The
HC1/CHC1:
Na/EtOH
.
reflux
H
Anh .
-2
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HC1 TsCl
)H
CH2NH 2
XV
pyr ">
CH2NHTs
XIV
The same product was obtained independently from the well-S^t0p f^f^' XV1 (8) ' ^ conversion to ketopina^idl XVIIreduction with LiAlH4 , and tosylation to XV (2). m ae > * >
C02H
XVI
-> r^vi - anh ' m**->
C0C1
j LiAlK4
CONH2 ' Et2 °
XVII
TsCl
dil. MaOH <$ OH
CH2 NH2
report
stereochemist^ of Ann. -2 will be discussed later in this
l^l^and 2S°StSStJ? ,1 °f X:7ater ' Th^s new "omer melts at
spec?r°u, ££ Sublet atWt&WS^^ SS** "Mwhxch is consistent with the pr^ncfofa primary^mid^ gj? ^ >'
convert StS^gSTXiS^S ^fTi? VS"cation and hydrogenolvsis to f hp *?«S i? ¥!5TI > {ollowed by esterifi-
3,5-dlnltrobenzoatS yy *y2 t
alcohol XIX, and isolation as thes>j uxiuuooenzo e XX. The scheme is as follows:
CioHi 4 N0Br.;^ C9 Hi2Br
C0C1
CONK- NpQA /CHClo
H
C9Hi 2Br— C02H
XVIII
C9Hl2Br^CH20H «g(4£k. C9 Hl2Br- C02CH3 ^
N02/Pyr / XIX
C9Hi2Br- CH2 0C0
XX
CH2N2
Et2
.i
-,v
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From a consideration of the structure of the starting material
Ann.
-2, the empirical formula of the parent hydrocarbon can be deter-
mined. Upon replacement of the two methyls, the bromine, and the
amide functions by hydrogen, the empirical formula becomes C7H10*
which is in agreement with the tricyclene nucleus. An examination
of the infrared spectrum reveals a peak around 10 ja (1000 cm."* 1 ),
which is indicative of the cyclopropane ring. The investigators
therefore suggest the structure XXI for Ann.
-3 (2).
CONK2
XXI
Although the structure XXI p-rf* divides the possibility of a
Wagner-Meerwein 1,2-methyl shift, it is the most reasonable
structure, by analogy with suitable models. For example, tricyclenic
acid, XXII, is formed in good yield by the cone. H2 S04 treatment of
either 2-hydroxyapocamphane-l-carboxylic acid, XXIII (9) > or
a-hydroxycamphenilic acid, XXIV (10). In both cases, the final
product is that expected if rearrangement does not occur.
C02H
cone
. H^SO/i .
XXIII
v cone. HpSOa
XXIV
Since the structure XXI is closely related to tricyclenic acid,
it seems possible that more positive evidence for that structure
could be obtained by conversion of Ann.
-3 to this acid or one of its
derivatives.
Properties of Anh.-l .—Forster (l) reported that Anh.-l was
cold HNO3, to hot H2S04 , and to bromine in boiling
It does not melt, but decomposes at 210-220°, rearranging
form Ann. -2 (2). Like Ann. -2, Anh.-l is optically
In the ultraviolet, there Is a single band at 225 m/u
stable to
pyridine,
in part to
Inactive
.
( £= 2300); the Infrared snows no hydroxyl or nitrile function, but
a medium peak at 6.40/u (1565 cm." 1 ) is stated by van Tamelen and
Brenner (2) to be indicative of a carbon-nitrogen double bond.
Structure of Anh.-l .—Since Anh.-l is readily isomerized to
Ann.
-2, mild conditions were required for its structure determination
Catalytic hydrogenation of Anh.-l in the presence of Pt02 in
sulfuric acid and ethanol gave a tetrahydro-Anh.-l, which was
characterized by its tosyl and benzoyl derivatives. In a control
run, hydrogen was omitted and Anh.-l was recovered unchanged.
LiAlII4 reduction of Anh.-l also gave the tetrahydro-Anh.-l In
addition to some dihydro product (2).
•-- 1 4 i . :
• •• r .- • :•.
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Catalytic hydrogenation and LiAlH4 reduction of Ann. -2 also
gave the tetrahydro- Anh.-l, which was again characterized by its
tosyl and benzoyl derivatives. The amino alcohol structure XXV is
the only logical product of hydrogenation of Ann. -2.
Br
CN
Ann . -2
Hp/PtOp
CH2 NH2
XXV
<
H*/PtO?
. Anh.-l
The structure of the amine was shown to be correct by tosyla-
tion, formation of the tetrahydropyranyl ether, reduction with
sodium in ethanol, and HC1 cleavage to the previously synthesized
tosylate, XV.
TsCl
pyr
CHpNHj
Na/EtOK
CH2NHTs
These findings showed that both Anh.-l and Anh.-2 have the
same carbon-oxygen-nitrogen skeleton XXVI. Furthermore, a considera
tion of the empirical formula, along with the absence of -NH, -OH,
and -CN absorption in the infrared, leads to the only sterically
possible structure, the ^2 -isoxazoline XXVII.
Br
kt\
XXVI
HC
XXVII
N
,1
,
'
'
.''—
-
; ;•
**'
.
J i^::\ refetltfiS :£: -r •..':/•." b . P,i ' ; ,::r/ i
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Justification of the Proposed Structure for Anh.-l . - -The
investigators wished to support their proposed structure for Anh.-l
by comparing its spectral properties with those of model compounds.
However, since the literature is lacking in examples of suitably
substituted aliphatic <^2 -isoxazolines, they selected two very
simple models acetoxime-O-acetic acid, XXVIII, and 2-methyl-^ 2 -
isoxazoline, XXIX. The latter is formed by the action of H0NH2 on
methyl 0-chloroethyl ketone.
CH3—C=rN— 0—CH2C02H
CH3
XXVIII
CH2
XXIX
The results of this spectral comparison are tabulated below.
Br
(CH3 ) 2C-NOCH2C02 H
ultraviolet
absorption
C=rN stretch
in infrared
no peak; indica-
tion of absorption
in short wave
length region
6.01 /a
(1665 cm." 1 )
212 m/u
€ = 2830
6.17 /u
(1624 cm." 1)
225 m/u
£ = 2300
6.40/u
(1564 cm." 1 )
*
Because of carbonyl absorption in the 6 /u region, the unsubstituted
acetoxime was used in place of the 0-acetic acid for this measure-
ment
.
The authors propose that the trend which is present both in theinfrared and ultraviolet regions is due to increasing amounts ofsteric strain, although admittedly no thorough analysis was carriedout. Bond angle distortion is apparently relieved by an electronicdisplacement, which could account for the lower energy requirementsl?P^ti0n ln tht ^aviolet Also, the infrared values cUed
cvelir Linpf S^* *? Wltk°P (ll) for both cycloalkenes andyc c lmmes of medium ring size.
-
s
-^^Qc^istrv of Anh-1 .-Inspection of a model of structure
™ndo"l! rorms!dedStrainiS pre8ent in b °th the ex°- XXX >
..<„.-
r.i.j '..,-..;
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i^
XXX
However, there is a lack of symmetry in this series due to the
presence of the one-carbon bridge. The 10-carbon and the bromine
are raised slightly (in the direction of the one-carbon bridge)
from the axis through the 1- and 4-carbons. This makes the exo
side of the two carbon bridge more accessible than the endo, and
therefore, the exo form of Anh.-l is less strained. Arguing on
this basis, van Tamelen and Brenner proposed that Anh.-l was the
exo-*A. 2 -isoxazoline XXX (2).
Stereochemistry of Ann. -2 . --To obtain information about the
configuration of Ann.
-2, we must consider the mechanism by which
Anh.-l isomerizes to Ann. -2. A reasonable acid-catalyzed mechanism
is:
and a reasonable base-catalyzed mechanism is:
Br
>a~
B:H-Cr=rN
Br
b
CN
9
H2
-OH
9
Br
l
OH
CN
The latter reaction parallels the base-catalyzed isomerization
of isoxazoles to the corresponding ketonitriles (12),
OH
R-
Ra
and the elimination of acetic acid from aldoxime acetates (12).
I. '.; :
:'
i.. '. .
1
.- ,
.
*r —"-
i''HJ ; ,-.'iVi i • .-'f-: ? ,
v •
'
.t-
'
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"
-v OH ft
C=N-0Ac — R-C5N + OAc
R"
Both possible mechanisms assume no equilibration at the
oxygen-containing carbon. However, a closer look at the structure
of Ann. -2 reveals the presence of a p-hydroxynitrile moiety which,
analogous to the reverse aldol-condensation, has the possibility
of existing in equilibrium with the corresponding open chain
aldehyde XXXII in either acid or base by the following processes:
H
+
Br
X.HOH
NH
•H
+
H2
-OH
9
<\
Br
'1
CHO
H
CN
XXXII
CHO
Either of these processes would allow for equilibration of
Ann. -2 and its epimer, thus giving the thermodynamically favored
form. However as mentioned previously, catalytic hydrogenation of
either Anh.-l or Ann. -2 gives the same tetrahydro derivative. Since
the conditions of hydrogenation over heavy metal catalysts are not
likely to effect an epimerization at some intermediate stage, and
the equilibration suggested above cannot be operative on the amine
product, the oxygen function in Ann. -2 must have the same steric
configuration as in Anh.-l. For this reason, the exo structure
XXXIII was proposed (2).
XXXIII
;.. i .
.<•
. :
•.)
....''
.
:.'•.
: L-,
:.:.
.
v ':".' :'/; *,'.r.i
,'l
... J ;:
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MECHANISM OP DEHYDRATION
Although at first glance the dehydration of bromonitrocamphane,
I, appears to involve a random reshuffling of the skeleton, a
reasonable mechanism for the process can be written. It involves
protonation of the nitro group followed by elimination of the
elements of nitrous acid to generate the carbonium ion XXXIV. A
pair of Wagner-Meerwein shifts are followed by a deprotonation to
form the olefin intermediate XXXV. Nitrosation by a suitable
nitrosating agent (NO®" is used for simplicity) is followed by 1,2
rearrangement to the nitroso compound XXXVI. At this point the
system can undergo ring closure with deprotonation to the final
product, Anh.-l. This final step parallels the tautomerization of
primary and secondary nitroso compounds to the corresponding oximes.
H
f-
Q^noIh -HN02
Br
W.M.
)-H+
Br
Kl)
XXXV
-5-
W.M.
NO© W.M.
N=0
-H
XXVII
H-CH-N =
XXXVI
All of these steps have suitable analogies, although the
overall change appears to have no known parallel.
Since Anh.-l and Ann. -2 are both optically inactive as opposed
to the highly active bromonitrocamphane, an inversion at some
intermediate stage must have occurred. This is best accounted for
by 2,6-hydrogen transfer in the nitroso structure XXXVI.
* (
.
' i'.'.'.i
-
i- ^ ; ' «
: . * ;
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CH2N0
The proposed equilibrium can be explained either by simple
enantiomer production, or by way of the Roberts nortricyclonium
ion XXXVII (13).
H.
CH2N0 CH2NO
XXXVII
The Roberts ion formulation also lends credence from the
kinetic point of view to the exo structure for Anh.-l, since this
configuration would result from the backside attack of the nitroso
oxygen on the symmetrical ion to break the 2,6-half-bond.
The conversion of Ann. -2 to Ann.
-3 can be explained by con-
trolled nitrile hydrolysis accompanying 2,6-dehydration in the same
manner:
"
- j '.".:. 'i.3 '•<'.. ^"'\ "i ;.X ; f; ..., ISO:. ' • ':'
'
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.OH
2H® -H
-H9
—*p
'®
OTHER REACTIONS OF ANH. -1 AND ANH.-2
In addition to those reactions mentioned by van Tamelen and
Brenner, there are several involving Anh.-l and Ann. -2 which have
been ignored by these investigators. Forster (1,3) and Ginnings (4)
had carried out various reactions in attempts to elucidate the
structures of these compounds. For the sake of completeness, these
reactions are summarized in a brief outline. This outline is a
corrected form of that which is in Elsevier' s "Encyclopedia of
Organic Chemistry" (14).
cfe
Br
N02 IkSO^
1
HONHS
oh 1moT~
CN
hot dil HNO3
? N§0iU T + NH3
HONH;
Ci Hi702N 2Br
NaOH
hot dil
NaOH
-> C10H16O2N2
&
hot dil NaOH
«30L
Ci O Hi 402NBr
-, A
•'--..
/.;>> <•..•
. ...
.
'
."•'..
'
•'
3.; .,
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The empirical formulas indicate compounds whose structures have
not been determined.
POSSIBLE EXTENSION OP THIS SERIES
Similar reactions in the terpene series are yet to be in-
vestigated. For example, in 1902, Konovalov (15) reported the con-
version of camphene by dilute HNO3 at 100° to an oxidation product
C10H15NO, but failed to characterize the product. It is possible
that this product is the hydroxynitrile in the camphane series,
XXXVIII, since it is similar in many ways to Ann. -2.
CN
OH
XXXVIII
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THE ADDITION OF PHOSPHORUS HALIDES TO MULTIPLE BONDS
Reported by R. T. Hawkins March 17, 1958
I. INTRODUCTION
Because of the increasing importance of phosphonic acids, esters, and
amides, the preparations of their precursors, the phosphonyl halides,
are of interest to the organic chemist. One of the techniques of phos-
phonation is the addition of phosphorus halides to unsaturated
systems. This report will discuss the addition of phosphorus halides
to carbon-carbon and carbon-oxygen multiple bonds. Other related
additions and substitutions will be mentioned only briefly.
II. ADDITIONS TO ETHYLENIC AND ACETYLENIC LINKAGES
A. Addition of PC1 5 to olefins
The first documented evidence for the addition of PCI5 to a
double bond dates from 1891 (l). By 1910, Harnist recognized the
addition of PC1 5 to olefins (2), and shortly afterward further
reports appeared (3, 4, 5). With the researches of Bergmann and
Bondi (6, 7, 8), the addition of PC1 5 to acetylenes as well as to
olefins was well established.
1
The usual procedure for conducting the reaction is the following
(9). An excess of the unsaturated hydrocarbon is added with cooling
to a stirred suspension of finely divided PC1 5 in an inert solvent
such as benzene. The adduct, a chloroalkylphosphorus tetrachloride,
may be removed by filtration or poured into ice water. Normally no
attempt is made to isolate the pure adduct because it and the
residual PCI5 possess similar solubility characteristics. The
phosphonic acid is recovered by removal of the benzene solvent from
a hydrolyzed reaction mass. Generally the hydrolytic treatment is
sufficient to dehydrohalogenate the final product, yielding an
unsaturated phosphonic acid.
R2C~CH2 + CIPCI4 Cold -> R2CC1— CH2PCI4 ?§§r* R2C=CHP03H2
Loss of the elements of hydrogen chloride upon hydrolysis of the
adduct is especially facile with aryl- substituted olefins, but alkyl-
substituted olefins may tend to retain the carbon-bonded chlorine
until treated with caustic (10).
Some limitations of the reaction are known. Obviously, the
reaction cannot be used with olefins containing hydroxyl, amino,
mercapto", or carboxyl groups {9, 11). The reagent adds in the sense
cl—PCI4 to terminal olefins (6). The only known exception to the
requirement for a 1,2-olefin is indene, which adds PC1 5 apparently
because of its extreme reactivity and its "sterically exposed double
bond" (3, 6, 9, 11). However, some ethylenic systems with double
bonds not sterically hindered fail to yield phosphonic acids. For
example, l,4-diphenyl-l,3-butadiene and l-phenyl-l,3-pentadiene do
not add PC1 5 ; and allylbenzene,a-benzylstyrene , and 1,1-diphenyl-l-
propene yield no phosphonic acids (7, 11). Other compounds failing
to undergo the reaction have been tabulated (11). 1,3-Butadiene,
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l-phenyl-l,3-butadiene (in yields up to 88$), and 4-methy1-1, 3-
pentadiene undergo the reaction (9, 12), probably by 1,2- or 1,4-
addition (which would yield the same acids upon hydrolysis). Some
evidence for terminal addition is the fact that PC1 5 does not add to
the l,4-disubstituted-l,3-butadienes. Although the phosphorus atom
usually appears in the final product attached to the a-carbon atom
of the original olefin (hence a 1-phosphonic acid), some patents
have claimed 1,2 -additions wherein a 2-phosphonic acid may be
produced from olefins and 1,3-diolefins (12, 13, 14, 15). Such
additions have been disproved for olefins but not for diolefins,
except by analogy. Kosolapoff (10) showed that the addition of PC1 5
to 1-butene yielded, upon hydrolysis, 1 -butenyl -1-phosphonic acid,
not a 2-phosphonic acid as elsewhere claimed (13) • Upon reduction,
the unsaturated phosphonic acid yielded an acid identical to
authentic butyl-1-phosphonic acid. Ozonolysis of the unsaturated
phosphonic acid failed to yield any formaldehyde as would be
expected from 1-butenyl -2 -phosphonic acid.
The results of the addition of PC1 5 to substituted styrenes
display the so-called ortho effect (7, 9, 16). While ortho-substi-
tuted styrenes bearing bulky groups may still add PC1 5 , the yields
may also be very low. For example, the presence of an ort ho -t -butyl
group in styrene compared to an ort ho-methyl group resulted in one-
sixtieth the yield. The ortho effect is said to be particularly
noticeable with 1,1-diarylethylenes.
Chlorine may be passed into a mixture of an olefin and PC13 to
yield the same products as are obtained when PCI5 is used; also,
some olefin dichloride is obtained (9). The phosphorus halides are
said to compete successfully for the olefin, yielding reasonable
amounts of organophosphorus products (16). The reaction has not been
explored in detail but may entail the in situ preparation of PC1 5 .
The intermediate chloroalkylphosphorus tetrachloride is usually
converted to a phosphonyl halide with, for example, acetic acid; or
transformed directly into an unsaturated phosphonic acid by
hydrolysis, an ester by alcoholysis, or an amide by ammonolysis or
aminolysis. The yields are greater than 50$ in most cases (9). It
should be noted that other operations upon the chloroalkylphosphorus
tetrachloride have also been explored. For example, PC15 was caused
to react with diisobutylene to yield an adduct which was dehydro-
halogenated in vacuo
, and then reduced with phosphorus in the
presence of a catalyst (17). The scheme may be represented thus:
RCH=CH2 + PCI5 ; RCHCICH2PCI4 —7T7rr> RCH=tCIIPC14
3 RCH=lCHPC14 + 2 P
jjjfj
2^ -»• 3 RCH=CHPC12 + 2 PC1 3
The unsaturated dichlorophosphine was characterized, and it was also
shown that phenylphosphorus tetrachloride was reduced by phosphorus
in the presence of iodine to phenyldichlorophosphine
.
B. Addition of PC1 5 to acetylenes
Bergmann and Bondi found the addition of PC1 5 to acetylenes to be
generally applicable and quite comparable to the addition of PC1 5 to
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olefins (8). The main difference noted in the acetylene series is
that the vinyl-type halogen atom of the final product , — C=CP03H2
CI H
(I), resists dehydrohalogenation until attacked by hot alcoholic
caustic (9). The difference is, of course, consistent with the
known chemistry of vinyl halides. It should be mentioned that the
same final product (I) can be obtained by the addition of PC1 5 to a
p-chloroethylene. In this case, the intermediate -CC12CH2 PC14 (II)
readily loses one mole of hydrogen chloride during hydrolysis.
No ortho effect was noted in the acetylene series. This
observation is consistent with the linear configuration of the
acetylenes. The usual products were obtained from o-chloro- and o-
methoxyphenylacetylene, but the £-methoxyphenylacetylene product
tended to dephosphonate; and p_-nitrophenylacetylene would not
undergo the reaction (8). No explanation has been offered; one
possibility may be the electron-releasing and electron -withdrawing
powers, respectively, of the methoxy and nitro groups. Whereas
3-phenyl-l-propyne and 1-heptyne react normally, 4-phenyl-l-butyne
does not yield any phosphonic acid (11). Non-terminal acetylenes
fail to undergo the reaction.
C. Reaction of an olefin and PC13 in the presence of a catalyst
Normally, PC1 3 is not observed to add to an olefin. However,
with suitable catalysts, the halide appears to add in the sense
CI-PCI2 to those alkyl-substituted olefins which carry an a-hydrogen
atom (18, 19, 20, 21).
A mixture of olefin, more than catalytic amounts of acetyl
peroxide, and excess PC1 3 as solvent is heated at 85 several hours
under an inert atmosphere and slight pressure. The reaction mass may
then be cooled, the PC1 3 removed at room temperature under reduced
pressure, and the excess olefin and product distilled in vacuo (21).
Benzoyl peroxide or ultraviolet irradiation (20) may also be used as
catalysts. No yields have been reported.
AcoOj
?co2 ) 2 ,
or h V
RCH=CHa + PCI3 (Sgff*< RCHClCHaPCls
Obviously, the chloroalkyldichlorophosphine may be of interest as
such other preparative routes to RPC12 are said to be inadequate
(19) or it may be oxidized and solvolyzed to phosphonyl halides or
phosphonic acids or derivatives.
Although an ionic mechanism for the reaction has not been
completely ruled out (18), a radical mechanism has been postulated by
Kharasch (19), based upon the known radical-inducing character of the
catalysts used. The reaction scheme may be written as below
•
,.' •.
3 ' '..
.;'..-.:•-.:'•
-
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(neglecting initiation steps leading to formation of a radical):
R- + PC1 3 RC1 + 'PC12
•PC12 + RCH=CH2 RCHCH2PC12
RCHCH2PC12 + PCI3 > RCHC1CH2 PC12 + «PC12
According to the scheme, polymeric materials could arise as follows,
thus accounting for observed higher boiling materials:
RCHCH2PC12 + RCH=rCH2 > RCHCH2CHRCH2 PC12
RCHCH2CHRCH2PC12 + PC1 3 RCHClCH2CmCH>PCl2 + -PC12
CI
RCHC1CH2PC12
RCH=CHa > RCHC1CH2 -1>-CH2CKC1R RCK
=Ch2
-> etc.
Although no direct experimental evidence has been provided to support
the entire scheme, the radical addition steps are in good agreement
with known radical processes.
It is claimed that the general reaction may be extended in that
PCI3 may be added to acetylenes, and that dihalophosphines of the
general formula RPC12 may be added to olefins (19). Further details
and confirmatory evidence have not been provided.
D. Reaction of olefins or acetylenes with PC13 or PCI5 in the
presence of oxygen.
In the presence of oxygen, PCI5 may be caused to add to
acetylenic linkages under essentially the same conditions as without
oxygen. In the presence of oxygen, however, the chief product is the
phosphonyl chloride without the usual solvolytic step (22). Other
products are unspecified.
In the presence of oxygen, PC13 may be caused to add to acety-
lenes and olefins; the oxygen is necessary in order for the reaction
to proceed (22, 23). The isolated products are POCI3 and the
phosphonyl chlorides of the same structures as when PC1 5 is added to
olefins or acetylenes.
The passage of oxygen into a mixture of PC1 3 and 1-hexyne main-
tained at 0-10° yielded a reaction mixture from which, after removal
of POCI3, 2-chloro-l-nexenyl-l-phosphonyl dichloride could be
isolated. When phenylacetylene was a reactant, the yield was 24$.
With acetylene, only a small yield of 2-chloroethenyl-l-phosphonyl
dichloride was obtained. Of interest is the addition of PC13 to
vinylacetylene to produce 2-chloro-l,3-butadienyl-l-phosphonyl
dichloride in 15$ yield (22):
CH2=CHC=CH + 2 PCI3
_g2 > POCI3 + CH2— CHCC1=CHP0C12
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The preferred site of attack as judged by products isolated is thus
the acetylenic linkage. The structure of the product was proved by
elemental analyses, molecular weighj;, molecular refraction, the
addition of four bromine atoms, and the absence of any acetylenic
hydrogen. However, in view of the known substitution of PCI3 in the
presence of oxygen for an aliphatic hydrogen atom to yield a
phosphonyl halide (a reaction to be discussed later) the possibility
of substitution rather than addition under certain conditions has
been entertained.
III. ADDITIONS TO CARBONYL GROUPS
A. Addition of PC13 to carbonyl groups
The addition of trivalent phosphorus halides to aldehydes and
ketones has proved to be a general reaction of some utility, yield-
ing (depending upon the reaction conditions and isolation procedures)
phosphonyl halides, cyclic anhydro acids or derivatives; unsaturated
phosphonyl halides, unsaturated phosphonic acids or derivatives;
1-halophosphonic, 1-hydroxyphosphonic, 3-ketophosphonic, and 2-halo-
3-ketophosphonic acids or derivatives (24).
Different reaction conditions and, especially, isolation
procedures have been used by various investigators. It is therefore
impossible to describe only one way in which the reaction is
conducted. The following outlines of experimental procedures are
essentially those of Fossek (25-28), Conant (29-40), and Kabachnik
(42-53), respectively.
1) At about room temperature, one mole of PC13 is dropped into
three moles of the carbonyl compound. Sometimes external cooling or
gentle warming is required. The resultant adduct, a non-distillable,
heat-sensitive oil, is hydrolyzed with caution. The two moles of
carbonyl compound liberated are removed, and evaporation of the water
phase yields the phosphonic acid. For example, from benzaldehyde, a
good yield of a-hydroxybenzylphosphonic acid is obtained.
2) Similarly, one mole of PC1 3 is caused to react with only one mole
of carbonyl compound in the presence of acetic acid or acetic
anhydride as "solvent". Acetyl chloride is evolved and the resul-
tant phosphonyl chloride may be distilled, hydrolyzed to the acid, or
converted to esters. For example, from acetophenone there are
obtained 1-phenyl-l-hydroxyethyl-l-phosphonic acid and also some
styrene-a-phosphonic acid, the latter by loss of the elements of
water from the former during the process of isolation.
3) A mixture of one mole of carbonyl compound and about one mole of
PCI3 is heated under pressure to about 200° for several hours. After
being cooled, the reaction mixture is degassed by removing hydrogen
chloride under reduced pressure. Then the phosphonyl halide can be
distilled in vac uo or solvolyzed to a-chlorophosphonic acids or
derivatives. For example, from paraformaldehyde a 50$ yield of
chloromethylphosphonyl dichloride is obtained. The corresponding
halide can be obtained in yield of over 60$ from benzaldehyde.
Although a great deal of work has been done on these reactions,
the true mechanisms are not known at present in their entirety
(24, 42). The following discussion is intended to outline the
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historical development of ideas concerning mechanisms of the
reactions and to summarize what are currently believed to be the
most probable mechanistic schemes.
In 188-'!, Fosselc reported the reaction of PC1 3 with excess
benzaldehyde to give an adduct which, upon hydrolysis, afforded an
80^ yield of a-hydroxybenzylphosphonic acid (25, 26, 27). Fosselc
and, later, Page (28) recognized the adduct, an unstable oil which
could not be isolated in the pure state, to be a chemical entity of
the composition JRCH0.PC13 . The oil was observed to react
vigorously with water to yield the phosphonic acid, benzaldehyde,
and hydrochloric acid. Page proposed for the adduct the following
structure, based upon no other supporting evidence:
PCI: 3 RCKO Cl-
0.
r^CHR
-P-0CHC1R
0CHC1R U
KpO
i°| CKOHR
P-OH
OH
It should be noted ti
to some intermediate
lat the proposed structure :
structures proposed lately
.s strikingly
(42).
similar
In 1917* Conant began reporting on what was to be a decade of
study of the reaction and of a related one, the addition of PC13 to
a,(3-unsaturated ketones (29-^0). Conant and his co-workers chose to
study the reaction with an approximately one to one mole ratio of
carbonyl compound to PC13 and with an added component in excess
(such as acetic acid, acetic anhydride, or benzoic acid) acting not
only as solvent but also as a reactant
.
Conant was able to isolate some possible precursors of the
hydroxyphosphonic acid. One of these was found when acetic anhydride
was used as solvolyzing medium. Conant concluded that the compound,
of structure I, probably was the acid chloride of what he called an
"anhydro" or "phostonic" acid. Similarly the "anhydro" or "phostonic"
H
R-CC/O
A
CI4
H
R- ^-
A
OK
II
acid isolated from acetic acid solvolyses was concluded to have the
structure II. On the basis of these conclusions, Conant proposed the
scheme
:
RCKO PC1
:
RCHOK
PO3H2
<.HgO
PCH-O 1
DPT
RCH—
\ /
PCI3
III
RCH-
\ /
0-x
X0K
I AcgO
H2
HaO
RCH-0
v
-> RCHOH
PO3H2
+ 2 AcCl
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Later, from the results of a kinetic study (39), he was forced to
conclude that the adduct III could not be the true intermediate
because the apparent rate of formation of the adduct was a least
200 times slower than the course of the preparative reaction. In
the absence of further evidence, and dismissing a trimolecular
mechanism as being unlikely, Conant modified his proposed scheme as
follows:
RCHO + PC13 RCHO
©PCls^
HOAc
RCH—
\ /
-HCl
RCHOH
I
PC13
-» *-
RCHOH
©
OAc9_.
l(
i
4PClj
+ AcClf
Conant 's original scheme for the addition of a dichlorophosphite,
R0PC12 , to benzaldehyde would have called for an adduct of the
structure IV which could be hydrolyzed to the hydroxyphosphonate V
(observed experimentally).
0CH—
X
P
X
Cl'^OR
IV
0CHOH
0r=P— OH
in
V
However, Todd and his co-workers were able to show from parallel
reactions with known phosphites that the adduct IV should lose the
elements of alkyl halide and rearrange thus ( 4 1 )
:
S POR
CI2 >
OR
^P— CI
-X
CI
+ RC1
Todd proposed a mechanistic scheme involving a primary intermediate
as follows: RCHO + PC13 , ) RCHC10PC12 . However, he was unable to
explain the intricacies or the formation of the carbon-phosphorus
bond and he failed to prove the isolation of any of his proposed
intermediates.
More recently, Kabachnik and his co-workers have studied the
reaction and have proposed a trivalent phosphite as an intermediate
(42):
0CHO + PCI; (0CHC1O) 3P
This idea is supported by the 3:1 molar ratio of benzaldehyde to PCI3
and the known addition of acid chlorides to aldehydes to yield a-
chloroesters. The 3:1 molar ratio has been shown independently from
studies of the density, viscosity, surface tension, refractive index,
and electrical conductivity of various mixtures of benzaldehyde with
,:.
.'•'
...
"'..;.
X
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PC1 3 and PBr3 (46-49).
Kabachnik next pictured an inter- or intramolecular Arbuzov-
type rearrangement to yield a phosphonate ester. The usual
Arbuzov rearrangement is represented thus:
OR
'
OR
RX + P(OR ! ) 3 R-P- OR '
"R ' X
> R
—
E~ QR '
X OR
The above rearrangement is comparable to the postulated intramolecula:
rearrangement of p-chlorophosphites which is represented below (42a):
/C1
CH2 P(OCK2CH2Cl) 2 ' ^—
>
X CHs-0
,CH2 CI
^/(OCH2CH2Cl) 2 > C1CH2CH2P(0CH2CH2C1) 2
For a-halophosphites the rearrangement is expected to be even more
facile. The analogous rearrangement for the present reaction is
written thus:
CI CI ci
1. 0-CH P(OCHC10) 2 > 0-CH-4>(OCHC10) 2 0-CH-P(OCHC10) 2
x
o
y x
o
2. 3 0CHC1P(OCHC10) 2 + 2 PC1 3 —~> 3 0CHC1PC12 + 2 P(OCHC10) 3
The second equation should explain the completeness of the reaction
when less than three moles of benzaldehyde to one of PC1 3 are
employed. The following reaction is postulated for acetic acid
solvolysis:
CI
0-CH—P(OCHC10) 2 + 3 HOAc > JZfCHOKP03H2 + 2 0CW + 3 AcCl
x
o
While the reaction scheme of Kabachnik is consistent with the
experimentally observed facts, still none of the proposed intermed-
iates has been isolated and analyzed.
It should be mentioned that some variations of the addition of
PC13 to ketones have been reported (53-56). They will not be
reviewed here.
B. Addition of PC13 to a,p-unsaturated carbonyl groups
The addition of trivalent phosphorus halides to a,p-unsaturated
carbonyl systems has proved to be general (57). The observed net
.
v J I"-
;"'
'
I • •"
;'-•
,' ( -.
,
-
•
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'
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result is the 1, ^-addition of the halide across the conjugated
system (29-34, 37, 38).
While any of the experimental procedures outlined earlier for
the addition of PC13 to carbonyl compounds may be employed, the
method of Conant has been most used (29-40, 62).
The mechanism of the reaction is as obscure as that of
additions to ordinary carbonyl groups (57). It seems reasonable to
assume that mechanistically both systems may be analogous (44), but
the extent of differences is not yet clearly known.
Conant first reported the reaction of PCI3 with ketones like
benzalacetophenone in 1917 (29). He succeeded in isolating and
proving the structures of some interesting species which, according
to his reaction scheme, would be intermediates. Since he was able
to show trie existence of structures like I and II (by elemental
analyses, uptake of bromine, equivalent weight titrations and
hydrolysis to III) and to prove the structure of III (by elemental
analyses, equivalent weight, and formation of an oxime ) , Conant
suggested a mechanism analogous to that suggested for addition to
unconjugated carbonyls. According to the scheme, the initial adduct
j2fcCK2CK0
PO3H.
I II III IV
would be IV, but this idea later was abandoned (39).
Conant was able to show that no diphosphonic acids resulted
from the reaction of PC13 with dibenzalacetone, 0CH=-CHCOCK=-CH0, and
that no 1,6-addition resulted from the reaction of PC13 with
cinnamylideneacetophenone, 0CH=CHCH—.CHCO0 (33). In each case,
1,4-addition was the rule.
According to Conant' s original idea, addition of PC13 across
a cyclic a,£-unsaturated ketone should produce a double bond at a
bridged carbon atom. Kabachnik considered this unlikely and
succeeded in carrying out the reaction on cyclopentenones and cyclo-hexenones to produce the following phosphonic acids (44):
P03K2
about 66?d yield
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The reaction is considered to be analogous to that suggested for
regular ketones. The Arbuzov-type rearrangement is represented as
being not necessarily bicylic since such reactions can proceed
intermolecularly
.
It should be noted that considerable effort has been expended
in reviewing some seemingly anomalous work of Michaelis regarding
phosphonation of a, £ -unsaturated ketones (57 -6l). The matter will
not be reviewed here.
C . Addition of other phosphorus halides to carbonyl groups
As already mentioned, the addition of trivalent phosphorus
halides, 3^P—X, to carbonyl groups has proved to be quite general
(24, 32, 34, 37, 53, 57, 63). Examples of phospenyl halides that
have been used successfully are PCI3, PBr3 , RPC1 2 , R2PCI, RGJ?C1 2 ,
and (R0)2PC1. Obviously, where the phosphorus atom bears
substituents other than halide one does not usually obtain acids as
final products . Where the reagent is RPX2 or R2PX, phosphine
oxides result; where the reagent is ROPX2 or (R0)2PX, phosphonate
esters result.
The addition of diphenylchlorophosphine has been shown to be
slower than the addition of either PCI3 or phenyldichlorophosphine.
The bulk of the reagent thus may be important (63).
It should be noted that PCI5 normally does not add in the
sense discussed here to aldehydes and ketones, or to amides (64-68).
The products isolated are chlorides containing no phosphorus
.
III. RELATED ADDITIONS AND SUBSTITUTIONS
In addition to the processe s already discussed, two other
phosphonation reactions of related nature are known. They will be
mentioned briefly in this report for the sake of completeness.
A. Reaction of a hydrocarbon, PCI3 and oxygen
In 1948, Clayton and Jensen reported a curious reaction whereby
the dichlorophosphono radical -POCI2 can be substituted for a
hydrogen atom in a paraffinic hydrocarbon (69):
I 2 I
— C —H + PCI3 ~ > —C— POCI2 + HC1
I
I
Little is known about the reaction and there is some disagreement
among researchers (70, 71 ).
Typically, the hydrocarbon is dissolved in PCI3 and blown with
oxygen at room temperature or slightly above. The resultant
phosphonyl dichloride is then isolated or converted to derivatives.
The reaction is non-selective and produces mixtures. The yields are
reported to range from 15 to 30$. Any olefins present may also add
the PCI3 as previously discussed (70, 71 )•
< '.
,
'
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Oxygen oxidizes PCI3 to POCI3, but that reaction is said to be
readily inhibited by any impurities . Furthermore, the addition of
POCI3 to a reaction mass of hydrocarbon, PCI3, and oxygen does not
affect the yield. Likewise, added phosphonation products have no
effect on yields, which are said to be more or less constant over a
temperature range of + 100°. Oxygen, air, and nitrogen dioxide
have been used as oxidants (71 ).
At least 18 catalysts, including light and peroxides, have been
investigated; all proved to be ineffective, and several inhibited
the reaction entirely. Among the inhibitors were iron, boron
trifluoride, iodine, aluminum chloride, and sulfuric acid (70, 71 ).
A recent paper summarizes the literature pertaining to the
reaction and cites eleven references through 1956 (71 ).
B. Reaction of aromatic compounds with PCI3 and AICI3
A variation of the Priedel -Crafts reaction produces dihalophos-
phines which, in theory, can be converted to phosphonyl halides,
phosphonic acids, and derivatives (72, 73). The reaction may be
summarized thus:
0H + PCI3 Alcl3 > 0PC1 2 + HC1
This reaction, used with a variety of aromatic compounds, has
recently been extended to the aliphatic series (74;. For further
details, see the reviews by Kosolapoff (72).
Finally, mention should be made of a Russian review with 46
references pertaining to the addition of phosphorus halides to
organic compounds (75).
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1,2 -MIGRATIONS IN FREE RADICAL INTERMEDIATES
Reported by J . R. Rogers March 20, 1958
INTRODUCTION
Although rearrangements involving free radical intermediates
have been known for many years, only recently have there been
particular efforts made to study such rearrangements. The object
of this seminar will be to bring up to date the work concerning
only 1,2-migrations which occur in free radical intermediates. This
will include 1,2-carbon-to-carbon and 1,2-carbon-to-oxygen mi-
grations. The seminar will be subdivided according to the migrating
groups. Rearrangements occurring during Kolbe-type electrolysis
reactions will be discussed separately.
ARYL MIGRATION
Wieland (l) in 1911 recognized what is considered to be the
first recorded rearrangement of a free radical intermediate. He
generated the triphenylmethoxy radical from triphenylmethyl peroxide
in boiling xylene and recovered, in seventy-five per cent yield,
benzpinacol diphenyl ether (I) which is the dimer of the rearranged
intermediate
.
•
(C 6H5 )3C00C(C 6H5)3 —> 2[(C 6H5 )3C0«] -» 2[ (C 6H5 ) 2C0C 6H5 ] —
>
(C 6H5)2(C 6H5 0)CC(C 6H50)(C 6H5)2 (I)
The same product was obtained by Kharasch and co-workers (2) when
they treated triphenylmethyl hydroperoxide with ferrous salts,
and they also suggested that rearrangement of the methoxy free
radical had occurred.
(CeHshCOOH + Fe++ —> (C 6H5 )3C0- + FeOH~!_+
(C 6H5 ) 3C0. —> (C 6H5 )2C0C 6H5
2(C 6H5 )2C0C 6H5 -h> (I)
•
Several systems have been used to study the rearrangement of
aryl groups. 1,2-Migrations have been studied in the neophyl (2-
methyl-2-phenylpropyl ) and related radicals (Table I). And the
relative rates of migration of various aryl groups have been in-
vestigated by several workers who studied the thermal decomposition
of triarylmethyl peroxides and hydroperoxides (Table II). The
latter rearrangements involve 1,2-carbon-to-oxygen migrations.
As can be seen from the data in Table I, partial or complete
aryl migration occurs only in radicals in which there is considerable
crowding on the p-carbon atom. These radicals which rearrange also
undergo a change from either a primary or secondary to a more
stable tertiary radical. No good evidence for the change from a
primary to a secondary radical was reported (Table I; E, F). Also,
the reaction conditions under which the radical is formed have
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considerable effect on the rearrangement tendency of the Inter-
mediate radical. These factors will be discussed in the following
paragraphs. For a discussion of the aldehyde decarbonylation re-
actions which lead to the formation of many of these radicals, see
the recent seminar presented by Kleiman (3)-
The radical initially formed rearranges by a 1,2-shift of the
aryl group through a three -membered cyclic transition state (Ila).
In support of this the rearrangement of p_-methylneophyl (Table I;
C,D) and £,£ -dime thyl-0-£-nitrophenyle thy1 (i) radicals gave rise
to products in which the £-methyl and £-nitro groups are retained
in the same position. If the transition state were four-membered,
these groups would be meta in the rearranged products (lib).
CH3 (N0 2 ) CH3 (N02 )
H
(a) (b)
(II)
Several workers (6,11,14,18) have presented evidence that a
stable cyclic intermediate radical such as (Illb), which could be
attacked at either of two positions to yield rearranged or un-
rearranged product, is not important in aryl migrations. The a, a-
dimethyl-0 -phenylethyl radical (ilia) generated by the di-t-butyl
peroxide-catalyzed decarbonylation of a,a-dimethyl-(3-phenyl-
propionaldehyde gave only isobutylbenzene (6). Thus equilibrium
between (Ilia), the bridged intermediate (illb), and the neophyl
(Illc) radicals is not attained under the conditions of this
reaction.
(CH3 ) 2C-CH2
P a
(CH3 ) 2C-CH2
JC »
(CH3 ) 2C-CH2
(III)
(a) (b) (c)
It is possible, however, that (Illb) existed and reacted more
rapidly at a and than it was converted to (ilia) (9).
In an investigation of the rearrangement of the neophyl radical
generated by the dl-t-butyl peroxide -catalyzed decarbonylation of
P-phenylisovaleraldehyde with the pure liquid aldehyde (initially
6.4 molar) and with a 1.0 molar solution of the aldehyde in chloro-
benzene, S§£bold (14) found that the ratio of rearranged to un-
rearranged product was l.J and 4.0, respectively. If the cyclic
intermediate radical (Illb) were formed and would react at either
a or P to yield the observed products, t-butylbenzene and isobutyl-
benzene, the ratio of isobutylbenzene to Jb-butylbenzene should be
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independent of the concentration of hydrogen atom donor. Since this
was not the case, it was concluded thai: the neophyl radical is
formed as a discrete intermediate without the aid of bridging
involving the phenyl group and that rearrangement and hydrogen
abstraction compete as alternative paths for the reaction of this
radical.
This mechanism is strengthened by recent results obtained by
Weinstock and Lewis (Table I; La,b,c) (11) . In their studies on
free radical additions to 3,3-diphenyl-l-butene they found that the
t-butyl hydroperoxide -catalyzed addition of thiolacetic acid and n-
butyl mereapt an proceeds without rearrangement while the addition of
n-butyraldehyde goes with rearrangement of the intermediate radical
to form 6,7-diphenyl-4-octanone. The course of these additions aftei
initiation is represented as follows (Y»=CH3COS» , n-C4 H9 S« ,
n-C 3H7CO»)
:
CH3 (C 6Hs) 2CCK=.CH2 + »Y —± CH3 (C 6H 5 ) 2CCHCH2Y (L) (l)
L + HY > CH3 (C 6H5)2CCH2CK2Y + Y- (2)
L > CH3 (C 6H5)CCH(C 6H5)CH2 Y (Lr) (3)
Lr + HY > CH3CH(CeH5)CH(CeH 5 )CH2Y + Y* (4)
For the additions of thiolacetic acid and butyl mercaptan reaction
2 must be faster than reaction 3 , while for the addition of n-buty-
raldehyde the opposite must be true. The different courses of
these additions are readily explained by considering the relative
reactivity of n-butyl mercaptan and n-butyraldehyde toward radicals
as indicated by chain transfer constant measurements. In the system
styrene -n-butyl mercaptan at 60° this constant is 22 + 3 (15) > and
in the system styrene -n-butyraldehyde it is about 5»7 x 10~4 (l6);
that is, the benzyl-type radical in these systems can abstract a
hydrogen atom from n-butyl mercaptan about 40,000 times as readily
as it can from n-butyraldehyde
.
These results show that the amount of phenyl migration is at
least related to the relative rates of reaction 2 of the addition
for the three KY compounds studied. They also provide further evi-
dence that a bridged intermediate radical capable of rearranging is
not formed simultaneously with the formation of the radical. Other
evidence to support this is the observation by Lapporte (l8) that
in the decarbonylation of (3-phenylisovaleraldehyde the amount of
rearrangement is decreased when benzyl mercaptan is added. In this
reaction and in similar reactions studied by Harris and Waters (19)
and Barrett and Waters (20) the addition of small amounts of benzyl
mercaptan greatly increases the chain length of the decarbonylation
react ign. Decarbonylation of aldehydes using the radical,
(CH3 ) 2CC02 CH3 , produced by the thermal decomposition of dimethyl-
ex, a' -azoisobutyrate as initiator, v/as increased from about 5$ to
80-90$ for a-branched aldehydes and to a lesser extent for n-alde-
hydes by the addition of as little as 0.5 mole $ of mercaptan. For
this reaction the following chain sequence was proposed.
(CH3 ) 2CC02CH3 + C 6H 5CH2 SH > (CH3 ) 2CKC02CH3 + C 6H 5CH2 S« (l)
C 6H 5CH2 S- + RCKO !
RCO
f fu H Hjs» c
C 6H 5CH2 SH + RCO-
R- + CO
RK + C6H5CH2:S«
IS
R« + C 6H 5CH2 SH > rh 5 2 (4)
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The greater ease of
radical, C 6H 5CH2 S'
more readily than do alkyl radicals,
transition state, which is stabilized
PR— S...K...C
chain occurrance must be due to the thiyl
which can attack a saturated alkphatic aldehyde
Hydrogen transfer through the
by the polar structure,
R i » R—
S
Q H X— R
speeds the reaction. The lifetime of the intermediate neophyl
radical would be decreased by a similar reaction so that rearrange-
ment could not occur.
The driving force for aryl migration _n the radical initially
formed is apparently derived from two sources. The change from a
primary or secondary to a more stable tertiary radical is energeti-
cally favorable. Also, in radicals which show considerable crowd-
ing on the (3-carbon atom, the relief of steric strain could provide
the driving force for rearrangement (8, 9). Kauer (9)> in a
comparison of the rearrangement tendencies of the neophyl (Table I;
A, B) and p-jD-anisyl-p-phenylethyl (Table I; E) radicals, proposed,
on the basis of bond dissociation data, that £-anisyl migration in
(E) would, produce a radical more stable than the one resulting from
phenyl migration in the neophyl radical. Thus it appears that
crowding on the (3-carbon atom of an intermediate radical provides
considerable driving force for rearrangement.
The rearrangement of the £-p_-nitrophenyl-p,(3-diphenylethyl
radical (Table I; J) proceeds by preferential migration of the
£-nitrophenyl group. But the products of the decarbonylation of the
substituted propionaldehyde could not be identified completely, the
only identifiable product being 2-p_-nitrophenyl-l,l-diphenylethylene
.
A comparison of the structures of the transition states for phenyl
and £-nitrophenyl migration shows that more structures can contri-
bute to the resonance stabilization of the transition state for
£-nitrophenyl than for phenyl migration. This increased stabiliza-
tion no doubt accounts for this group's greater tendency to migrate
(see also Table II; A, B).
e /g*
N02 ""V
<—) etc. (IV)
(b)
Structures such as (iVa) are common to both transition states, but
increased stabilization is gained by structures like (iVb) for
£-nitrophenyl migration.
In a study of the steric requirements of free radical substi-
tution reactions, Meislich and Costanza (10, 43) observed that from
the light- or benzoyl peroxide-catalyzed reaction of N-bromosuccini-
mide with 1,1,1,2-tetraphenylethane rearranged tetraphenylethylene
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(46$ yield) was recovered as was 48$ of the starting material
(Table I; K) • The normal bromination product, 1,1,1,2-tetraphenyl-
2-bromoethane, is not an intermediate for it was found to be stable
under the reaction conditions employed. Evidence for the free
radical nature of the reaction is as follows: (1) The reaction witt
MBS does not proceed in the dark. (2) This reaction occurs in the
presence of calcium carbonate indicating that hydrogen bromide does
not catalyze the reaction, (3) The reaction with NBS and benzoyl
peroxide in the dark gave the same product.
> :Br peroxide »>' + Br ' pN:Br = mS) (1)
(CeHsJsCCHaCsHs + ^N# > (CeHsJsCCHCsHs + /N-H (2)
(CeHsJaCCHCeHs -> (CeHsJaCCHfCeHs )2 (3)
(CeH&)2CCH(CeHs)2 + /N:Br > (C 6H5 ) 2C=C(C 6H 5 )s +/N- + HBr (4)
HBr + ^N:Br > Br2 + /N— H
Step 5 accounts for the recovery of half of the starting material,
the formation of bromine in the reaction, and the quantitative yield
of succinimide. A similar reaction with 1-phenyl
-2, 2 -dime thy1-
propane gave the expected l-phenyl-l-bromo-2,2-dimethylpropane
.
To determine the relative migratory aptitudes of various aryl
groups Kharasch and coworkers (2) investigated the thermal decom-
position of t-butyl heterotriarylmethyl peroxides (Table II; C, F).
These un symmetrical peroxides were decomposed in cumene at 120-
140°; and the reaction may be represented by the following scheme.
(Ar)(C 6H5 ) 2C00C(CH3)3 ^—> (Ar) (C 6H5 ) 2C0« + (CK3 ) 3C0« (l)
(CH3 ) 3C0« + C 6H5CH(CK3 ) 2 * (C 6H 5 ) (CH3 ) 2 C • + [CH4 + (CH3 ) 2C0,
or (CH3 ) 3C0K] (2)
(Ar)(C 6H 5 ) 2C0- > (ArO)(C H 5 ) 2 C- (3)
(Ar0)(C 6H 5 ) 2O + (C 6H 5 )(CH3 ) 2 C. > (ArO) (C 6H 5 ) 2C-C(CH3 ) 2 (C 6H 5 ) (4)
The final product formed is a 2-methyl-2,3>3-triphenyl-3-aroxypro-
pane or a 2-methyl-2,3-diphenyl-3-aryl-3-phenoxypropane, depending
on which group undergoes migration. Treatment of the product with
glacial acetic acid in the presence of perchloric acid afforded
complete solvolysis to give quantitative yields of phenols which,
after identification and quantitative estimation, established the
aryl/phenyl migration ratios.
The thermal decomposition of t_-butyl triphenylmethyl peroxide
was studied in several solvents and, based on the rate of methane
evolution, the decomposition is probably first order and is indepen-
dent of the solvent used (ethylbenzene or cumene). Raley, Rust and
Vaughan (17) showed that the decomposition of di-t_-butyl peroxide in
both the vapor state and in solution is first order, independent of
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the solvent used (cumene, t_-butylbenzene, and tri-n-butylamine) , and
involves the same, rate determining dissociation step, cleavage of
the oxygen -oxygen bond to form two t_-butoxy free radicals, Kharasch
thus assumed that decomposition of t -butyl triarylmethyl peroxides
also proceeds through an initial breakdown into two free alkoxy
radicals. He did not establish the presence of free (Ar) (CsHs^CO
radicals but did suggest that rearrangement might occur simul-
taneously with the initial dissociation.
In a similar study, Urry (12) determined aryl/phenyl migration
ratios by thermal decomposition of symmetrically substituted
peroxides (Table II; D, G-J) . The products obtained were ethers
analogous to benzpinacol diphenyl ether. Reductive cleavage of
these ethers yielded phenol mixtures which were then analyzed.
Bartlett and Cotman (13) recovered phenol, p_-nitrophenol,
p_-nitrobenzophenone, p_-nitrophenylcarbinol and biphenyl as thermal
decomposition products of p_-nitrophenyldiphenylmethyl hydroperoxide
(Table II; A) in a sealed tube in benzene at 115-128°, Since acid
catalysis of the decomposition of this compound favors phenyl migra-
tion, the isolation of p_-nitrophenol indicates that this reaction
probably involve free radicals. Also, the isolation of biphenyl, a
coupling product of solvent radicals, supports the free radical
nature of the reaction. Kharasch (2) recovered p_-nitrophenol and a
mixture of unidentified ketones from the decomposition of (B) in
cumene. The course of these reactions is not clear cut, but they
undoubtedly involve the initial formation of (3-p_-nitrophenyl-j3,(3-
diphenylmethoxy radical which undergoes a 1,2 -carbon-to-oxygen
migration,
ALKYL MIGRATIONS
Free radical rearrangements involving the migration of an
alkyl group have been found to occ^ur, but not under moderate
conditions, Urry and Nicolaides (6) recovered only 2,2-dimethyl-
butane and a dimer (probably 3>3>6,6-tetramethyloctane) as prear-
ranged products of the cobaltous chloride-catalyzed reaction of
ethyl magnesium bromide with l-chloro-2,2-dimethylbutane . Suebold
(21) generated the 2,2-dimethylbutyl, cyclohexyl, and cyclopentyl-
methyl radicals by the di-t^-butyl peroxide -catalyzed decarbonylation
of their respective carboxaldehydes in the liquid phase at 130 + 5°
and recovered only cyclohexane, methylcyclopentane and 2,-2 -dimethy1-
butane, respectively.
In the high temperature (450°) oxidation of 2,2,^-trimethyl-
pentane Rust and Collamer (22) reported that they recovered about
one percent of rearranged product as _t-amylenes and 2,5-dimethyl-
hexenes. They proposed the following mechanisms by which alkyl Im-
migrations could occur:
<fH3 CH2 <pH3 CII3 CK3 CH3
CH3 -C-CH2 -CH-CII3 > CH3 -C« CH2 -CK-CH3 —-> CK3 -C=CH-CH2 -CH-CH3 + RH
CH2 CK2

- 131 -
°r
' CH3 CHg- CH3
CK3-C-CH2-CH-CH3 * CH3CE-CH2 + CH3 -C-CH2 «
CII3
CH3 CH3 ^
CH3
RH + CH3-CK.-C-CH3 and CH3 -CH2 -C=.CH2 <-^- CH3-C-CH2-CH3
CH3
The formation of these rearranged products could also be explained
on the basis that methyl and isobutyl radicals attacked isobutene,
one of the major products, to produce radicals which appeared to
have rearranged. The data found do not support one mechanism or the
other.
The first reasonably well substantiated report of alkyl migra-
tion in a free radical intermediate was presented by Kharasch and
coworkers (23, 24). Vapor phase photochemical bromination of
2,2,4,4-tetramethylpentane occurs readily at 200° in high yield
provided the bromine is introduced slowly so that a large excess of
hydrocarbon is present at all times. The rearranged product, 2-
bromo-2 ,3,4 ,4-tetramethylpentane , was obtained in 72$ yield; also,
an unidentified dibromide, C9Kie3r2 , was recovered in 5$ yield.
The rearranged bromide may have been produced by rearrangement of
the di-t_-butylmethyl radical, or else di-t_-butylmethyl bromide may
have been formed first and then rearranged in the presence of
hydrogen bromide by an ionic mechanism. When they generated the
di-t-butylmethyl radical from the chloride with isopropylmagnesium
bromide and cobaltous bromide, they obtained 2,2,4,4-tetramethyl-
pentane and 2,3,4,4-tetramethylpentene-l, These products could have
been formed by disproportionation between the rearranged and prear-
ranged radicals, or by disproportionation of two unrearranged free
radicals such that migration and disproportionation occur during
collision.
The structure of the rearranged bromide was surmised from several
facts: (1) It reacted instantly with silver acetate in 75$ ethanol
to give 2,3,4,4-tetramethylpentene-l. 2-Chloro-2,3,4,4-tetramethyl-
pentane was shown to react rapidly with alcoholic silver nitrate to
yield the same olefin, while di-t-butylmethyl chloride reacted
hardly at all under the same conditions. (2) When the bromide was
dissolved in anhydrous ether and shaken with the silver salt of 3,5-
dinitrobenzoic acid, 2,3,4,4-tetramethylpentene-l, silver bromide,
and 2,5-dinitrobenzoic acid were recovered. (3) Ozonolysis of the
olefin gave formaldehyde but no acetone. Even with these data the
possibility that rearrangement occurred by an ionic mechanism cannot
be discounted.
Two examples of what can also be classified as a 1,2 -migration
of an alkyl group in a free radical intermediate have recently been
reported. Roberts and coworkers (25) reacted norbornene (bicyclo
[2.2.1]-2-heptene) (Va) with N-brcmosuccinimide in boiling carbon-
tetrachloride, the reaction catalyzed by benzoyl peroxide, and
recovered in 35$ yield 3-bromonortricyclene (Vb) as rearranged
product
.
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(v)
Free radical additions of ethyl bromoacetate (26) and p_-thiocresol
(27) to (Va) were found to proceed without rearrangement. In each
case the products resulting from cis -exo addition were formed.
Crist ol and coworkers (28) have investigated the addition of
thiophenol and p_-thiocresol to 2,5-norbornadiene (bicyclo[2 »2 .1]-
2 ,5-neptadiene) (Via). The reaction proceeds by a free radical
chain mechanism involving intermediates such as (VIb) and (Vic) to
yield the observed aryl thioethers, exo-5-norbornen-2-yl and 3-nor-
tricyclyl aryl thioether. That the non-classical mesomeric homo-
allylic radical (VId) is not an intermediate which can react at
SAr SAr SAr
• • • » /TV"*"*
c) •
(d)
(VI)
the 3- or 5-position with equal facility ;jas proven by aeither
method similar to the one used by sl&bold (14) to disprove the
existence of a similar radical (discussed earlier in this seminar):
The addition of jo-thiocresol to norbornadiene, at various concentra-
tions of the thiol, indicated that as the concentration was decreas-
ed the amount of rearrangement increased. This means that (VId)
probably does not give rise to the observed thioethers but that
(VIb) and (Vic) are actually the intermediate radicals involved.
HYDROGEN MIGRATION
The first example of a possible 1,2 -hydrogen atom migration In
a free radical intermediate was reported by Kharasch and coworkers
(29). Prom the cobaltous chloride-catalyzed reaction of n-butyl-
magnesium bromide with l-phenyl-3-chloropropane they recovered the
unexpected dlsproportionation products butene-2 and 1-phenyl-l-
propene rather than butene-1 and l-phenyl-2-propene . These products
indicated to them that hydrogen atom migration in the free radical
occurred during disproportionate Ion of two n-butyl or two 3-phenyl-
propyl radicals. Possibly the terminal olefin in each case was
formed and then underwent an allylic rearrangement, but this was
not investigated.
Kornblum and coworkers (30, 31) have shown that there is no
evidence for hydrogen migration in alkoxy free radicals. d-2-0ctyl
nitrite, [a] 25D + 6.44°, made from d-2-octanol, [a] 25D + 9.30°, was
heated at 200° for eight d-2-0ctanol, [a] 25 + 9.23°, wasdays,
recovered in 8ofa yield. Also, the thermal decomposition of
optically active a-phenylethyl t_-butyl peroxide in thiophenol
solution at 125° gave a-phenylethanol in 55$ yield with retention of
optical activity. Retention of optical activity would not have
resulted if hydrogen migration in the intermediate radical had occur-
red.
•-A.
. !
.
.
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1,2-Hydrogen atom migration under extremely energetic conditions
has been reported by Friedman n and Libby (32). The effect of recoil
from the capture of ^-radiation produced by the ( n , 2T) reaction on
bromine 8l in both normal- and isopropyl bromide was investigated.
It was found that irradiation of either bromide gave the same
mixture of the two bromides, and the ratio of n_-propyl bromide to
isopropyl bromide in each case was about 2»4. The free hydrocarbon
radicals formed after ^-capture apparently have enough energy to
isomerize before recombination with the bromine radical.
HALOGEN MIRATIONS
Urry and coworkers (33 > 34, 35) have reported several examples
of 1,2 -migrations of chlorine atoms in free radical intermediates.
The photochemical reactions of diazomethane with polyhalome thanes and
a -haloesters to yield polyhaloneopentane derivatives and (3-halo-
esters, respectively, were considered to proceed by a free radical,
chain mechanism involving chlorine migration at each step of the
chain reaction. The reaction of carbon tetrachloride and diazo-
methane was very thoroughly studied (35)* and the experimental
evidence found leaves little doubt about the free radical nature of
the reaction. For this reaction, after initiation, the following
mechanism was proposed.
CClaCHs* -001201-1201 (l)
•CCI2CH2CI + CH2 N2 -> •CH2CCI2CH2CI +N2 (2)
•CH2CCI2CH2CI > (CH2Cl) 2CCl- , etc. (3)
(CH2C1) 3CCH2 - + CCU "> C(CH2C1)4 +«CC13 (7)
Nesmayancv and coworkers (36, 37) have also reported chlorine
migration in free radical intermediates. The addition of bromotri-
chlorome thane and hydrogen bromide to 3>3>3-trichloropropene in the
presence of benzoyl peroxide gave l-bromo-l,l,2,4,4,4-hexachloro-
butane and 3-bromo-l,l,2-trichloropropane , respectively, as
rearranged products. The radical C13CCHCH2 X, .where X=Br or CC13 , is
formed after initiation and isomerizes to C12CCHC1CK2X prior to the
chain-propagating step, the transfer of a ^-chlorine atom from the
radical to a reactant molecule. Homolytic isomerization of 3,3,3-
trichloro-2-bromopropene to l,l,2-trichloro-3-bromopropene occurs on
standing for one to two days in the presence of light or when
exposed to ultraviolet light for several minutes. Hydroquinone or
dimethylaniline inhibits the isomerization.
REARRANGEMENTS DURING ELECTROLYSIS REACTIONS
Walker and Wood (38) in 1906 reported that the electrolysis of
sodium (3,(3-dimethyl glutarate in an aqueous solution produced about
Vfo of a rearranged product, 2-methyl-l-butene . Hine (39) suggested
that this could occur in a trimetylene diradical which he postulated
was formed by the loss two electrons and carbon dioxide from the
original ion.
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Urry (12) reported the observation that rearrangement occurred
during the electrolysis of (3-phenylisovaleric acid in ethanol,
resulting in the formation of isobutylbenzene, 2-methyl-3-phenyl-
propene, and l-phenyl-2-methylpropene, which accounted for about
23$ of the products formed. Presumably the rearrangement occurred
in the neophyl radical which was formed, for about 55$ of unrearran-
ged dimer, bineophyl, was also recovered. Breederveld and
Kooyman (40 ) ran a mixed electrolysis of the same acid with an
excess of sodium acetate in methanol using a much higher current
density than did Urry and recovered only unrearranged products. They
proposed that the high current density employed caused a high
concentration of free radicals to occur at the anode, thereby
providing conditions for radical-radical interaction rather than
rearrangement
.
Doubt that these rearrangements proceed through a free radical
intermediate has been substantiated by work done by Muhs (41, 42).
From the electrolysis of 1-methylcyclohexylacetic acid in methanol
he recovered as rearranged products 1-methylcycloheptene (11$) and
methyl 1-methylcycloheptyl ether (13$). Di-t_-butyl peroxide catalyzed
decarbonylation of 1-methylcyclohexylacetaldehyde gave only
unrearranged product, 1,1-dimethylcyclohexane . Also, since a free
radical attack on the solvent would result in the abstraction of a
hydrogen atom from carbon rather than oxygen (42), the formation of
the ether cannot be explained by this type of reaction. A more
reasonable explanation for these rearrangements is that the radicals
initially formed may lose carbon dioxide and an electron at the
anode to form carbcnium ions, for a carbonium ion mechanism can
account for the rearranged products found in all of these electro-
lysis reactions.
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INFRARED INTENSITIES IN ORGANIC CHEMISTRY
Reported by J. L. Tveten March 24, 1958
Introduction . The qualitative use of infrared spectroscopy has
been a valuable tool for the organic chemist for some time, as has been
the use of relative intensities for quantitative analysis s however it
is only recently that the photometry of infrared radiation has become
precise enough to allow measurements of absolute intensities. This
seminar will be concerned with general techniques of intensity measure-
ment, its use in quantitative analysis of organic compounds, and the
measurement and applications of absolute intensities. For a more
detailed treatment of the theory of infrared spectra reference should
be made to the volume on chemical applications of spectroscopy edited
by West (l) and to the comprehensive monograph of Herzberg (2).
General Consid erations
.
The basis of all quantitative work with
infrared intensities" is the Lambert -Beer law
. , I = Io exp (-Kcx)
whereby " * x ** '
K = (w)logp (Io/I)\JrJm fc?
In this formula Io is the energy of the radiation entering the absorb-
ing material and is measured as the energy transmitted by a reference
cell containing only solvent. I is the energy transmitted by the
absorbing material which is present in the sample at a concentration
of c moles per liter in a cell x centimeters in length. The quantity
K is known as the absorption coefficient.
For many purposes it is more convenient to use common logarithms
and write
e = (i) log 10 (Io/I)
where e is the molecular extinction coefficient. One other term of
great importance is the absorbance (a) where
A = ecx = log 10 (io/l)
An important corollary of Beer's law is the law of additivity of
absorbance which states that the absorbance A of a mixture is equal to
the sum of the absorbances of its components . This means that equal
absorbing paths of the same material will always absorb the same frac-
tion of the incident light. This enables the concentration of a
component in the mixture to be calculated and is the basis of the
standard methods of quantitative analysis which will be covered later
in this discussion.
In the measurement of infrared intensities some simple ratio of
I and Io is used. The common functions employed are the following.
Percentage transmission 100 i/lo
Absorbance (optical density)... logio (io/l)
Of these units the absorbance is preferred in most cases, since
for moderate intensities, the absorption plotted on this scale is
directly proportional to the concentration of the absorbing material
.
Both frequency reported in_units of wave numbers (v), measured in
reciprocal centimeters (cm, 1 ), and wavelength (/\) measured in microns
(u) have been used as the abcissa in infrared measurements. Of the two,
the frequency is preferred for intensity work since it is the unit used
for calculation of band areas.
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Of greater theoretical importance than the height of absorption
peaks in terms of absorbance or molecular extinction coefficients is
the integrated absorption intensity. This is the actual area beneath
the absorption curve and is a much more reliable criterion for absolute
measurements . A great deal of work has been reported on integrated
intensities, generally in the gas phase; however it is only quite
recently that attempts have been made to correlate the areas with
structures of organic compounds
.
Error and Reproducibility . There are numerous possible sources
of error in intensity measurements (1,3 )> and these must necessarily be
considered in the evaluation of the data obtained.
Reflection losses of energy in the cells are of considerable
importance in accurate work. For a pair of well -matched cells the
reflection losses at the outer faces cancel, but losses as the
radiation enters and leaves the liquid medium are different since the
refractive indices of the solvent and solution are not the same. This
difference can generally be considered negligible for dilute solutions
but becomes more serious in measurements on pure liquids.
Scattering losses, solvent absorption, stray radiation, non-
linearity in the detecting and recording system and many other factors
may lead to error in intensity measurements; however these can be
greatly reduced with improved instruments and well -matched cells.
In all quantitative work it is assumed that the absorbing material
is uniformly distributed in the radiation beam. In solution, of course,
this is essentially true, but when working with solids in the form of
mulls or films the possibility of nonhomogeneous distribution becomes
of great importance. Thus it is best to use solutions for
quantitative work whenever possible. When it is necessary to use
solids great care must be taken to prepare homogeneous samples.
It has been shown that finite slit width has a large effect on the
absorption spectrum and may cause large deviations in the height of the
absorption peak (4). This is due to the fact that Beer's law assumes
that the incident radiation is strictly monochromatic. Since the exit
slit of the monochromator is necessarily of finite width, however, the
radiation is not really monochromatic but contains a range of frequen-
cies. This causes the failure of Beer's law and a decrease in the
extinction coefficient of a given absorption band accompanied by band
broadening.
Russell and Thompson (5) have found that in order to obtain fairly
accurate absolute values for the height of a given band, the slit width
must be less than one fifth Avi/, the band width at one half intensity.
Most fairly sharp absorption peaks in the infrared region have a Avy
value of approximately 5 cmj 1 , necessitating a slit width of less tnan
1 cm]" 1 . However Russell and Thompson also found that the integrated
intensity of a given band is almost independent of slit width in the
range generally used. Thus it is possible to obtain better resolution
and still measure fairly accurately the absolute intensity.
Temperature effects in infrared analysis have been investigated (6)
for several phenols in solvents of very low vapor pressure. It was
found that there was a slight shift of bands to lower frequencies with
increasing temperature. The magnitude of the shift was about 1 cm? 1
for a 50° temperature rise. Accompanying this shift was a decrease in
the absorbance. At 25° a temperature increase of 45-50° resulted in a
1{•>
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decrease of 8-15$ in the absorbance . Approximately h% of this decrease
was shown to be due to decreased concentration of absorbing material
caused by expansion of the solvent; however this does not explain the
entire effect.
Brown (7) has made more detailed calculations of this effect and
has shown that the lower absorption maximum may be attributed to
molecular collisions which change the shape of the absorption curve.
This theory does not predict a decrease in integrated intensity with
increasing temperature, but as yet very little has been done to
substantiate this theory.
Although these temperature effects are important in theoretical
work, they are relatively insignificant in organic applications as long
as spectra are obtained at normal room temperatures (15-35°)
•
One of the most important considerations in determining the
accuracy of quantitative measurements is the optimum absorbance or
transmission. It can be shown (8) that the minimum percentage error
is found when the absorbance is Oj+3. The function, however, changes
slowly enough so that values of absorbance between 0.2 and 0.7 will give
quite good accuracy for most applications.
Bowman and Tarpley (9) conducted a study of the reproducibility of
infrared intensities over a period of several months . They made
accurate measurements on polystyrene films using several types of
absorption bands. Using the nbase line" methods which will be
described later, they found that the absorbance reproducibility when
measurements were repeated with the same instrument on the same day was
as low as 0.3$. Over a period of weeks the absorbance sometimes varied
by as much as 4$. When measurements are being made over a considerable
period of time it is essential to adjust the and 100$ transmission
points to the same position for all measurements.
Using careful technique and adjusting samples so that the absorp-
tion is neither very high nor very low, it is generally possible to
approach a relative accuracy of 1% in quantitative work. It must be
noted, however, that the results obtained are constant only for a
given instrument and may not be reproduced on another spectrometer.
As will be seen later, integrated intensities are much more reliable
in an absolute sense, but they too are partially dependent on the
system used.
QUANTITATIVE ANALYSIS
There are several methods available for quantitative analysis
depending on the speed and accuracy desired and the kind of sample to
be used. For reliable results it is generally necessary to construct a
"working curve", and such a curve is used whenever possible. This
involves using a series of mixtures of known composition and plotting
some function of the absorption against percentage of the material to
be determined. When such a procedure is used it is possible to obtain
accurate results even when Beer's law fails and the absorbance is not
a linear function of concentration. It should be emphasized that such
a working curve is characteristic of a specific infrared instrument and
should not be used for calculations from spectra obtained on another
instrument. The same cells, slit width, scanning speed, etc. must also
be used for all measurements.
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Base Line (Absorbance) Method . Perhaps the most widely used
method of quantitative analysis with infrared spectra is the base line
method devised by Wright (lO) which combines both speed and accuracy
for a large number of cases. First a complete spectrum is obtained of
the compound to be determined, as well as each impurity. For the
compound in question a peak is then selected which is characteristic of
that component and in which region each of the other components shows
relatively little absorption. A small range of frequencies on each side
of the band under consideration is then scanned and a suitable base line
drawn. In most cases the line may be drawn from the absorption minimum
on each side of the peak. Some function of the absorption or trans-
mission, depending on the scale available, is measured for the distance
from the base line at the center of the band to the maximum and this is
plotted against the concentration of the component. After such a curve
has been drawn for a series of mixtures of known composition, the values
obtained from unknown mixtures may be applied directly to the curve and
the concentration obtained.
A slightly modified base line method was used by Wright for the
determination of several halogenated hydrocarbons . An example is the
determination of small amounts of 1,2-dibromopropane in 1,3-clibromo-
propane. Although the spectra of the two compounds are quite similar,
there are nevertheless characteristic differences, one of them being
the absorption peak at 1372 cm. In the 1,3 -isomer this peak is a
single one, whereas in 1,2-dibromopropane it is split into two peaks.
Mixtures of the two isomers show amounts of peak splitting correspond-
ing to concentration.
Figure I shows the base line and measurements made on the spectrum
and the working curve constructed for small amounts of 1,2-dibromo-
propane. Wright found that with this method he could obtain an accuracy
of + 0.05 per cent (of the total sample) and a concentration as low as
0.3 per cent could be detected.
B-A
B
Base Line
12 3 4 5
% 1,2-Dibromopropane
Figure I
Similar methods have been used for numerous analysis problems
including liquid hydrocarbon mixtures (ll), mixtures of phenol, cresols,
xylenols and ethyl phenols (12) and many others. Another interesting
application is the determination of 1,2-addition in polymers and co-
polymers of butadiene by Treumann and Wall (13). They found that the
absorbance of the peak at 910 cm. 1 characteristic of the vinyl group
varies with the relative concentration of vinyl segments and is
fiW
* >'.
t
-.ntvi '-"
>
.•»
.
• r .
- 140 -
essentially independent of other structural features such as chain
length. Thus by simple absorbance measurements of the characteristic
peak, they were able to estimate the number of vinyl groups and hence
the relative amount of 1,2- addition.
Sometimes, as in the case of a crude reaction mixture, it is
impossible to construct a working curve. In this case a crude base
line method may still be used to estimate the concentration of a
desired compound. The only procedure available for such a mixture is
to obtain a spectrum of the mixture at a known concentration in a
suitable solvent and a spectrum of a solution of the pure compound of
the same concentration. A peak characteristic of the compound is then
selected and base lines drawn for each curve. The absorbances are
then obtained and the concentration of the material in the mixture
calculated by Beer's law. Accuracy is very difficult to estimate in
such cases and is often quite poor since the method does not allow for
failure of Beer's law or absorption of unknown impurities in the
mixture
.
Simultaneous Equations . Although the base line method of
analysis is widely applicable to organic problems, there are times when
it lacks sufficient accuracy (because of absorption characteristics of
the components of the mixture). When several components are present
in the mixture it is often impossible to find bands unique to each
component. If other materials present absorb in the same region to
any great extent the methods described above fail and it becomes
necessary to adopt a more involved procedure.
Daasch (14) has used a method of simultaneous equations to
ascertain the relative amounts of five isomers of l,2,3>^,5>6-hexa-
chlorocyclohexane obtained from the industrial preparation of the
compound by chlorination of benzene . Spectra of each of the pure
isomers of the hexachlorocyclohexane were obtained at several concen-
trations in carbon disulfide . For each isomer a peak in the region
700 to 850 cm. 1 was selected and the molecular extinction coefficient
(z) calculated from the observed absorbance (a) and known concentration
(c) and cell length (x). These absorption bands were found to follow
Beer's law very closely. The mixture to be analyzed was then placed in
the cell, the spectrum obtained, and the absorbance calculated at the
frequency characteristic of each isomer. Since the spectra were found
to obey Beer's law, the absorbance at any point may be regarded as the
sum of the absorbances of the components . Thus
AObS.
=
€lClXl + e2 C2*2 + €3C3X3 + ...
where subscripts 1,2, 3, etc. refer to each isomer present. For a
mixture of n components the absorbance is measured at n frequencies and
the set of n simultaneous equations solved for the individual concen-
trations. When known mixtures were analyzed by this method, it was
found that the accuracy obtainable was + 0.5% of the total sample.
This method has been applied to multicomponent hydrocarbon mix-
tures (15) > isomeric xylenes and ethylbenzene mixtures (16) and similar
mixtures which would otherwise be extremely difficult to analyze. It
may generally be relied on for considerable accuracy and its main draw-
back is the amount of time required for actual experimental work and
for calculations
.
However once the extinction coefficients have been
obtained for the components, data for unknowns may be obtained quite
easily and the preliminary work need only be done once. Electronic
computors when available also are of considerable help, although the
.. J .
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!
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equations may be solved by ordinary methods . A graphical method
described by Dewar and Urch (17) has also been devised for the solution
of the equations obtained.
Differential Method . A method has been described by Robinson
(l8) in which very small amounts of impurities can be determined with
considerable accuracy. The mixture to be analyzed is placed in the
sample cell either as a solution of known concentration or as a liquid.
In the reference cell is placed a solution of identical composition
except for the impurity to be determined. Mien the spectrum is scanned
over the desired range, only the absorption due to the impurity is
recorded. When this is done, the cells are kept in the same beams
but the sample and reference are interchanged. When the frequency range
is now scanned a curve that is the inverse of the first is formed.
The two curves thus form a closed area the height of which may be
measured and correlated directly with concentration. Interchanging
the cells not only serves to eliminate errors due to cell mismatch but
also doubles the absorption to be read from the graph, thus reducing
the relative error. In this method, too, a calibration curve is first
constructed with mixtures of known concentrations.
Washburn and Scheske (19) have applied this method to the analysis
of trace amounts of ketone in a carbinol with excellent results
.
Determinations of a reaction intermediate, ethyl chlorovinyl ketone,
in (3-chlorovinylethinylethylcarbinol were made at ketone concentrations
of 0.1 to 1.0$ with an accuracy of + 0.02$. In this case solutions of
25$ sample and pure carbinol in chloroform were used in the two cells
and the intense carbonyl absorption at 1690 cm." 1 was used as the ketone
peak.
^ 0$
\ Ketone
1$
Ketone
1$ Ketone 0.1$ Ketone
Standard Differential
Figure II
Figure II above shows the advantage of the differential method for
very small concentrations. In the standard spectrum of the mixture the
1$ ketone shows up only as a barely discernible shoulder; while when
all other absorption is cancelled out the band becomes very clear.
Derivative Method . In the measurement of infrared absorption
spectra it is difficult to detect low intensity bands which are over-
lapped by bands of higher intensity. Giese and French (20) have
described a method whereby the first derivative of the transmission
with respect to wavelength is plotted and have shown its effectiveness
with a series of hypothetical curves. An obscured band which may be
detected only as a slight shoulder appears as a distinct peak in the
derivative plot.
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This unique method has been further extended by Collier and
Singleton (21 ) to include actual spectra. By modification of a standard
infrared instrument they were able to obtain a plot of the second der-
ivative of the logarithm of the light intensity with respect to time.
This derivative quite closely approximates the second derivative of
absorbance and is a quantitative function of the absorbing material
.
Time was used instead of frequency for mechanical reasons, but at
constant scanning rate the two are closely related. The mathematics of
the curves will not be covered here; however Figure III illustrates the
increased resolving power of the successive derivatives for the carbon
dioxide doublet at 2330 cm. 1 .
Log Intensity
2350 cmT 1 2330 cmT 1
First Derivative Second Derivative
of Log Intensity of Log Intensity
Figure III
It is obvious that such a method can be a powerful tool for both
qualitative and quantitative work. Collier and Singleton have applied
it to analysis of isomeric cresols with very good results. As yet
very little has been done with derivative methods, but their future
appears very great
.
Special Techniques . A great many special methods have been
devised for the handling of infrared samples and the chemist is by no
means limited to liquids, mulls, and organic solutions. Dinsmore and
Smith (22) actually obtained excellent results in the quantitative
analysis of synthetic rubbers by spreading solutions of the elastomers
on salt plates and drying them. In other cases polymers have been
pressed into "sandwiches" between sheets of mica, silver chloride or
polyethylene and studied in regions transparent to these substances (23 \
Another common method for small amounts of solids is to mix the solid
with powdered potassium bromide and press it into small pellets under
high pressure. Such pellets can be made of very constant size and
consistency and allow quantitative measurements. By using insoluble
materials such as barium fluoride, quartz, sapphire, silver chloride,
thallium bromide -iodide, and others for cell construction it is possible
to obtain spectra of aqueous solutions of compounds insoluble in organic
solvents (24,25). Sometimes it is convenient to include an internal
standard in a mixture for quantitative analysis. The standard is mixed
with the sample in known concentration and especially when used with
solid mulls, provides a band which may be used to determine actual
concentration of the sample in the beam. Calcium carbonate (26),
potassium thiocyanate (27), and other compounds containing relatively
few and sharp bands have been used for such purposes
.
Integrated Absorption Intensities . As was mentioned previously,
integrated areas under the absorption curves are of greater theoretical
importance than the actual height of the absorption band. Ramsay (28)
has studied the factors influencing the shape of the absorption bands
and shown that although apparent molecular extinction coefficients may
vary by as much as 20yo with moderate slit widths, the integrated
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intensity differences are only 2-3$. Thus it is possible to obtain a
more absolute criterion for absorption than has previously been
possible
.
The true integrated absorption Intensity of a band is defined as
Area = fKflv - ^ jloge (l /l) v dv
where the integral is measured over the limits of the absorption band.
In actual use, due to finite slit width, the infrared radiation is not
monochromatic and the measured quantity is the apparent integrated
intensity
Apparent Area = —
)
log
e
(To/t)
v
dv
where To and T are the apparent intensities of incident and transmitted
radiation.
Ramsay has investigated several methods of obtaining the true
integrated intensity of infrared bands of organic compounds, the
mathematics of which will not be dealt with here. The first method
available is to assume the band has the shape of a Lorentz curve and
substitute the quantities read from the spectrum into the integrated
Lorentz equation. Since most bands closely approach this idealized
shape, the approximation is generally quite good. A second technique,
and perhaps the most widely used, is the extrapolation method of Wilson
and Wells (29). In this case the apparent integrated intensity is
measured directly from the spectrum and plotted against log (To/T)
.
In most cases the curve obtained is a straight line of negative slope.
The extrapolated value of the apparent area at zero absorption is the
true intensity. Other similar techniques have been devised, but these
two are the ones generally used in actual applications
.
In practice the band area is measured only for a finite frequency
range on each side of the band center; however the expression for the
area involves integration from -*> to +03 if the band is considered to
extend indefinitely. Ramsey has worked out a method for calculation of
the residual area under the "wings" and these corrections may be
applied to the finite values obtained. In general, for most bands of
organic compounds, these corrections are of the order of 10$. Brown
(30), however, feels that such corrections are ordinarily superfluous,
since for a given series of compounds the corrections tend to cancel
and the accuracy inherent in the experimental method is no greater
than that obtained by assuming this cancellation.
INTENSITY APPLICATIONS
Crystal Structure . Polarized infrared radiation may often be
used to study the orientation of molecules in crystals and polymeric
materials . Since infrared absorption is due to a change in dipole
moment of the molecule, it is to be expected that radiation in a given
direction will have a varying influence on molecules of different
orientation. In fact, if a molecule is oriented so the direction of
vector dipole change of vibration is in the same direction as the
incident beam there will be no absorption. Mann and Thompson (31 ) have
used a beam of polarized radiation in this manner to determine the
structure of single crystals and such work is in good accord with X-ray
data. Similar methods have been used to study orientation in polymers
such as polychlorotrifluroethylene (32) and polyethylene (33). In
these cases it was possible to determine the nature of chain orienta-
tion after extrusion, rolling, and other orienting processes.
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Organic Compounds . Luther and Czerwony (34) have made a detailed
study of the intensity of the C-H deformation bands of normal hydrocar-
bons and found excellent correlation between the number of methylene
groups and the intensity of the band. Both the molecular extinction
coefficient and the integrated intensity were found to increase
regularily with chain length. Jones (35 )> in some similar studies,
obtained linear plots of extinction coefficient versus methylene units
for both the C-H stretching and C-H deformation frequencies.
It is only within the last two years that any great attempt has
been made to correlate intensities with the actual chemical structure
of the molecule and the electronic environment of the vibrating bond.
Brown and Rogers (36) have made a study of the integrated intensity of
the 0-H stretching band in aliphatic alcohols. The intensity of absorp-
tion due to a vibration is proportional to the square of the first
derivative of the electric moment with respect to the vibration coordi-
nate, (c^u/dr) 2 . For the 0-H stretch the hydrogen may be considered to
be vibrating against the stationary mass of the molecule and the ob-
served intensity due largely to a change in the 0-H bond moment by a
change in the degree of ionic character in the bond. Since the ionic
character of the extended bond will be determined by the electron-
donating power of the alkyl groups attached, it should thus be possible
to characterize the alcohol by its absorption intensity.
Table I
Alcohol Observed Area Corrected Area
Methanol 0.45 5754"
n-Propyl alcohol .44 .52
sec -Butyl alcohol .38 .46
t-Butyl alcohol .34 .39
Cyclopentanol .44 .50
Cyclohexanol .38 .44
Benzyl alcohol .54 .66
Allyl alcohol .48 .58
Propargyl alcohol .59 .69
3-Butyn-2-ol .56 .66
2-Methyl-3-butyne-2-ol .52 .59
3-Chloro-l-propanol .63 .74
2,2,2-Trichloroethanol .76 .92
Table I shows the observed intensity and the corrected intensity
employing Ramsay's wing corrections for a series of alcohols. The
spectra were obtained in dilute carbon tetrachloride solution to
eliminate hydrogen bonding. It was estimated that the corrected
intensities have a relative accuracy of 0.02 intensity unit. Examina-
tion of the data reveals that the 0-H intensity is quite sensitive to
structural changes; the ratio of highest to lowest intensity in this
case being almost 2.5. As expected for the series of simple aliphatic
alcohols, the intensity decreases as the electron -donating power of the
alkyl group (methyl through t^-butyl) increases, and as the polarizabil-
ity increases. Substitution of methyl groups on the a-carbon atom of
propargyl alcohol alao decreases the intensity. The difference between
cyclopentanol and cyclohexanol is also in agreement with the view that
strained ring systems possess a greater electron-withdrawing power than
unstrained systems. Substitution of halogen for hydrogen would be
expected to increase the intensity to a very large extent and this is
readily observed.
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Similar work has been done by Brown (37) on the integrated
intensities of substituted phenols with similar conclusions.
Table II
Observed
Substituent Intensity v m Q~ pKa
m-Nitro 1.71 3600 0.71 8.35
m-Chloro 1-31 3602 .37 9.02
m -Bromo 1.29 3604 .39 9.11
p-Bromo 1.23 3607 .23 9.34
p-Chloro 1.19 3607 .23 9.38
None 0.99 3610 .00 9.95
p-Methoxy 1.06 3614 -.27 10.20
p-t -Butyl 1.06 3612 -.12
3, 5 -Dimethyl 0.95 3611 -.17 10.17
In this case the intensities were not corrected for wing absorption,
but the relative magnitudes are considered correct to within 3$.
Decreasing values of the Hammett O"-constant denote greater electron-
releasing power, and as might be expected, this decreases the intensity
of the 0-H band. This is also in accord with the observed pKa values
of the phenol. The fact that the 0-H group itself interacts with the
ring, as shown in structures I and II, is reflected in the higher
5 •
=0-H
I II
intensity values of phenols as compared with aliphatic alcohols.
Russell and Thompson (38) have determined integrated intensities
for a large series of amines. Here too there are differences caused
by the electrical properties of the molecule as expected. The simple
dialkylamines have a very low intensity as compared with the hetero-
cyclic amines and this indicates that qu/dr is much greater in the
cyclic compounds. V/ork by Skinner and Thompson (39) on aliphatic and
aromatic nitriles and by Brown (4o) on substituted aromatic nitriles
has again shown the predicted effect of substituents; however in this
case the intensity increases with the electron-donating power of the
group since the dipole of the extended bond has the positive charge
adjacent to the ring.
Before the advent of integrated intensity work, Cross and Rolfe
(4l) calculated the extinction coefficients from the spectra of a large
number of carbonyl compounds. Although these values may not be
depended on in an absolute sense, they nevertheless show that by use
of reference compounds a great deal may be determined about the
structure of the carbonyl compound from the intensity as well as the
frequency of the absorption. Subsequent investigation of a series of
steroids (42) indicates that integrated intensities may also be used as
a criterion for determination of the carbonyl environment, and is
especially useful when there are overlapping bands which make accurate
frequency determination impossible.
The field of integrated infrared absorption intensities is still
extremely undeveloped; however it is obvious that there is great poten-
tial for applications in both synthetic and theoretical organic
C, I '.
"
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chemistry. Among these are calculations of dipole moments (4-3,44)
and the study of hydrogen bonding and molecular association (45-49).
There is still need for a great deal of both theoretical and experi-
mental work.
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THERMAL ADDITION OF DIENOPHILES TO MONO&LEFINS
Reported by W. H. Pittman March 27, 1958
INTRODUCTION
A reaction which is similar in many respects to the well-known
Diels-Alder or "diene-synthesis" reaction takes place between
dienophiles and mono&lefins (or non-conjugated polyolefins) at
elevated temperatures. This process (which may be known as the
"pseudo-Diels-Alder reaction") is the subject of this report. Both
synthetic and mechanistic aspects will be considered.
Hultzsch reported in 1939 (l) that maleic anhydride adds to
unsaturated terpenes at temperatures in the vicinity of 200° C.
Condensation of maleic anhydride with long-chain unsaturated fatty
acids (2) and their methyl esters (3) at 150-250° was reported in
the early 1940's. However, nothing definite was known about the
structures of the adducts until Alder began his investigations into
this subject in 19^3«
ELUCIDATION OP REACTION COURSE
In connection with their work on diene-synthesis reactions,
Alder and coworkers (4) studied the reaction of maleic anhydride
(M.A.) with several monoo'lefins at 200-250°. They found that maleic
anhydride did not react with ethylene under these conditions, but
that higher olefins gave well-defined 1:1 adducts. (See Table I.)
On the basis of the products obtained from propylene, iso-
butylene, cyclopentene, and cyclohexene, Alder postulated (4) that
the reaction was one of "allyl substitution" by the M.A. molecule,
with previous or simultaneous abstraction of one of the allylic
hydrogen atoms. The hydrogen could be removed as a proton, a radical
or a hydride ion; in the event that it left as a proton, the
mechanism would be that given below.
RCH2CH=CH2
-4r* RCHCH=CH2 M ' A ' > CH2=CHCHCHcf
-H \r\
p chC
H+ .0
> CH2=CHCHCHC
R CH2C
%
The anomalous (or "indirect") addition to allylbenzene and 1,5-
hexadiene was at first explained as follows.
9 9 M A -°RCHCH=CH2 < > RCH=CHCH2 "+ > RCH=CHCH2CHC'H
i >
CH2C
b
V'.l-*:j : : :'
•T.! ;.\ •-.-:• i.
':
.
•• '
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Further work, however, showed that the "indirect" reaction occurred
in by far the greater number of instances. Also for all compounds
of the type shown in Figure 1 for which one of the groups Ri , R2, R3,
R4 was different from all the other three, "indirect"
substitution was found to occur; in all other cases,
the products resulting from the "normal" and the "in-
direct" reaction were indistinguishable (5)- These
findings caused Alder to reject his original theory.
Instead, he proposed that the reaction passed through a
cyclic transition state similar to that suggested for
the ordinary "diene-synthesis" reaction (5).
Ri R2
/
R-C
\
CHy \
R3 R4
Figure 1
c*
+
^9s
H
/5
CHC
CHC.
/
-c
I
c
1
Y CHC.t
i 1;
^0
\ /
/ CHC
/
'*»' ^0
C.
- C' CHC^
s
CHC.
The cyclic transition state approach can be successfully applied to
almost all of the olefin-dienophile reactions investigated so far;
however, several other mechanisms have since been proposed. These
will be discussed later in this report.
In general, the addition of dienophiles to olefins follows
these rules (6):
(a) The dienophile adds to the double bond, with simultaneous
or subsequent shifting of the double bond away from the dienophile
and migration of a hydrogen to the other end of the dienophile.
(b) If the olefin contains a terminal methylene group, dieno-
phile attack takes place entirely at this group. If the double
bond is not in a terminal position, a mixture may be formed.
FURTHER REACTIONS WITH MALEIC ANHYDRIDE
The normal addition reactions of maleic anhydride with olefins
are summarized in Tables I and II. Several unusual reactions will
now be described.
When maleic anhydride is heated with 1,2-dihydronaphthalene at
240
,
a 1:1 adduct is obtained (12). The position of the double
bond has not yet been determined, but by analogy the product should
have the structure I.
cHcr
I >CH2C^
CH3
CHCOOH
1
CHpCGQH
II
CH2 CH3
"^•.-CHCOOH .-^-.-..CHCOOH
CH3
CHCOOH11 I \ r
J CH2COOH C. I CH2COOH t^ <l CH2COOHr
.^
in IV
' '".•..< v..
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TABLE I
Reaction of Maleic Anhydride with Certain Monofllefins
Olefin
CH3CH=CH2
(CH3 ) 2C=CH2
Product
CH2=CHCH2CHC<
CH2 C^
^0
CH2=C-CH2CHC^ n
i f ^0
CH3 CH2Cr
v
Reference
*,7
Q .CHC;;CH2 C.-0/
:-.s:
chc:
L -<i ch2c
y
4,8
C SH5 CH2CH=CH2
CH2=CHCH2CH2CH=CH2
C 6H5 CH=CHCH2CHC^ n
CH2C
/
^CH2=CHCH2CH=CHCH2CHC
CH2C
4,9
. I .7
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TABLE II
Other Monotflefins Which Form Normal Addition Products
with Maleic Anhydride
C
- C
<5
.0
,
CHC"
c II > -is ' ! /
1 H CHC
c chc:
o
N
S C CH2C
/
^
<N
Olefin
Arrow indicates carbon atom attacked by M.A.
Reference Olefin Reference
CH3CH2CH=CHCH3
(CH3 ) 3C-CH2 4.N
C=CH2
( CH3 ) 3C-CH2
CH3 (CH2 ) 3CH=CH2
C 6H5 CH2CH2CH=CH2
C 6H5 CH2CH=CHCH2CH3
C 6Hs(CH2 ) 3CH=CH2
(CH3 ) 2C=C(CH3 ) 2
C 6H5 CH2CH=CHCH3
7
7
5
5
5
5
5
5
CH3n 4
C=CH2
(CH3 )aCH
i
CH3CH=C(CH3 ) 2
CH2
ft
^CH2X
LJ
if il
s
8,10
11
12,13
CH300C(CH2 ) QCH=CH2
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1-Methyl-l-cyclohexene could theoretically react with M.A. to
give three anhydrides; the structures of the acids resulting from
hydrolysis of these products are given above (II, III, IV). It was
found (8) that two acids, A and B, were formed depending on whether
the addition reaction was run at 175° or 235° • Hydrogenation of A
and B, respectively, afforded two acids which were cls - trans isomers.
Both A and B gave compound V on dehydrogenation. Furthermore, A
could be isomerized to B by heating at 235°.
Ozonolysis of A and B yielded no formaldehyde; thus, structure
III was ruled out. Structure II was excluded on the basis of the
dehydrogenation results. Hence, both A and B were assigned the
structure IV. Since there are two asymmetric carbon atoms in IV, it
was concluded that the products are diastereoisomers.
19^°j yielded
molar ratio of
The reaction of M.A. with methylenecyclobutane at
two products, one containing a 2:1 and the other a 1:1
M.A. to olefin (l4). They were found to be compounds VI and VII,
respectively. The principal product (VI) was apparently formed by
thermal addition of M.A. to methylenecyclobutane with migration of
the double bond into the ring, followed by ring-opening to the
isoprene derivative and normal Diels-Alder addition.
r
CH2
+ M.A. •=190
v
30 hrs. LJJ
o
w
M.A. o;
//
o
r
CH2CHC\
CHsCf
VI
CH2CHC.r
ch2 c;
,o
o
o
CH2
C-CH2CHC
CH
CH2
CH2C^
The 1:1 addition product (VII ) was formed in smaller amounts,
apparently by double bond migration followed by ring opening and
normal Diels-Alder addition. Reaction of methylenecyclobutane with
acrylic acid gave similar results.
T=
CH2
190°
„
30 hrs
.
-CH:
CH2
X C-CH3 M.A.
.CH
//
CH2
^
0'
N u
VII
-CH3
This reaction scheme was given some support when it was found that
treatment of methylenecyclobutane with acetic acid under similar
conditions afforded a-terpinene and 1 -methyl -1-cyclobutyl acetate.
It seems probable that the former was formed by isomerization of
dipentene, a dimerization product of isoprene.
Two groups of workers have investigated the reaction of M.A.
with methyl oleate. Bickford, Fisher, Kyame and Swift found (15)
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that four products (VIII, IX, X, XI) were formed in approximately
equal amounts when the reactants were heated at 220° for two hours.
Ross, Gebhart and Gerecht obtained only compounds VIII and IX under
similar conditions (6). These results have mechanistic significance
and will be discussed again later in this report.
CH3 ( CH2 ) 6CH=CHCH ( CH2 ) 7COOCH3
CHC
CH3 ( CH2 ) 7CHCH=CH ( CH2 ) 6C00CH3
I ^°
CHC^
CH2 C. CH2 C,
'0
VIII IX
CH3 ( CH2 ) 6CHCH=CH ( CH2 ) 7COOCH3
.0
/
chc:
CH2 CN
X
CH3 ( CH2 ) 7CH=CHCH ( CH2 ) 6C00CH3
chc;
i >
CH2CXv
XI
An interesting synthetic application of the olefin-dienophile
reaction has been devised by Rondestvedt (9). It is a preparation
of y -phenylallylsuccinic acid from allylbenzene and M.A., and itdiffers from the work described so far chiefly in the fact that the
reaction is carried out in refluxing o-dichlorobenzene rather than
in an autoclave or a sealed tube.
If a polyolefin with suitably located double bonds is reacted
with M.A., either "normal" or "pseudo" Diels-Alder reactions may
occur, or one may follow the other. For example, when 1,5-hexadiene
is heated with an excess of M.A., a 3:1 addition product (XII) is
formed (lb).
CH2 -CHCH2CH2CH=CH2 + M.A.
180° ,^°
benzene » CH2=CHCH2CH=CHCH2CHC."
25 hrs.
CH2C N
v
1
C-CH2
^^ ^C-CHCH2CH=CHCH=CHCH2CHC^ ^A:
ch2 c:
c
CH2CHC"
I
' J*
> ^-k CH2 C"
.-> o" ?!
CH2CHC
1
^0
CH2C"
XII
',;
.
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Styrene reacts to form two products, one (XIII) by two "normal"
Diels-Alder reactions and the other (XIV) by a "normal" followed by
a "pseudo" reaction (17, 18).
+ M.A. 130
c
benzene
27 hrs
.
U M.A
C C--0
>&
V?
XIII
CH2C
/>,0
o" xo
x
CrO
XIV
1,4-Cyclohexadiene yielded a 1:2 adduct (XV) with M.A. 1,4-Penta-
diene afforded a keto anhydride, C12H12O4, of unknown structure,
which was assumed to be a decarboxylation product of the dianhydride
XVI (17).
+ M.A.
200°
CH2 =CHCH2CH=CH2 + M.A.
M.A.
"r~
CH2CHC-
I
CH2C
r^ 'T M.A.
-chc;
—
>
CH2C C
.C-CH.
C-CH2
200°
60 hrs
r
CH2=CHCH=CHCH2CHC^
ch2c:
-CO;
Ci 2Hi 204
^
-^
XV
<:
XVI
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MECHANISM
There is still some doubt as to the mechanism of the olefin-
dienophile reaction. As mentioned earlier, Ross and associates
obtained only compounds VIII and IX from the reaction of M.A.
with methyl oleate (6). They postulated a molecular mechanism
involving a cyclic transition state similar to that suggested by
Alder (5). Bickford and coworkers considered the molecular
mechanism insufficient to explain the occurrence of X and XI among
the products (15) • They therefore suggested the following radical
scheme.
CH3 (CH2 ) 7CH=CH(CH2 ) 7COOCH3 r4rr» CH3 (CH2 ) 6CHCH=CH(CH2 ) 7C00CH3
M
-
-
A
'
>T^HT
i
H'
M.A.CH3 (CH2 ) 6CH=CHCH(CH2 )7C00CH3 ~
H-
VIII
CH3 ( CH2 ) 7CH=CHCH ( CH2 ) 6COOCH3
I
CH3 ( CH2 ) 7CHCH=CH ( CH2 ) 6COOCH3
M.A.
H-
XI
M.A.
H-
IX
A chain mechanism, with the abstraction of a hydrogen radical from
another methyl oleate molecule, would also be possible. However,
these theories are not basically different from Alder's original
one (4), and they do not explain the predominance of compounds of
the type exemplified by XII and XIII in most of these reactions.
To be sure, anomalous products (with respect to double bond location)
have been noted in several instances (14,16,19*20,21 ), but it has
not been established that rearrangement of the olefin takes place
during the reaction with the dienophile rather than before or
after. Until sufficient controls are run to establish this fact,
there is no real evidence for a free radical mechanism.
Koch favored a radical over a molecular mechanism for the
thermal isomerization of 3*4-diphenyl-l,5-hexadiene (22) because the
product was a mixture of l,6-diphenyl-l,5-hexadiene and 1,4-diphenyl-
1,5-hexadiene. However, the addition of M.A. to olefins gave only
one product in an overwhelming number of cases. Koch cited this
fact in support of the molecular mechanism.
Arnold and his associates rejected the radical mechanism for
the addition of M.A. to methylenecyclopentane (10,11 ), since
mixtures of M.A. and the olefin gave a quantitative yield of polymer
when heated with benzoyl peroxide at 80 . They suggested, as an
alternative to the molecular mechanism, that a short-lived ionic
intermediate (XVII) was possible.
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i
R ' *° h. eJHC<
<>
R .
c
/
Hac(
o
^o
XVII
Rondestvedt and Mark undertook a study of the reaction of allyl-benzene with M.A. and substituted maleic anhydrides, in an attemptto dec iae between the radical and ionic mechanisms. They found (23)that the M.A. -allylbenzene reaction was first order in allylbenzene
and first order in M.A. A radical mechanism would be expected to sivemore complicated results if a chain process were involved: a radicalnon-cham mecanism should give first-order kinetics in allylbenzene
only, corresponding to the following rate-determining step.
C6H5CH2 CH=CH2 -> C 6H5CHCH=CH2 + H«
The presence or absence of polymerization inhibitors in the reactionmixture made very little difference in the reaction rate. On the otherhand, when allylbenzene and M.A. were heated with catalytic amountof acetyl peroxide, only polymer was obtained.
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Further work is necessary before a final decision can be made
between the ionic and molecular mechanisms. A determination of the
entropy of activation for the reaction would obviously be a long step
in the right direction. However, it appears from what is known so
far that the molecular process is the more likely of the two.
REACTIONS OF ALLENES AND ACETYLENES
The major products of t
compounds are cyclobutane de
zation of the allene (26) or
However, several by-products
Diels-Alder reaction have al
thermal reaction of M.A. wit
anhydride as a by-product (2
form several compounds, depe
which way the double bond sh
hernial reactions of M.A. with allenic
rivatives, resulting either from dimeri-
cycloaddition of M.A. to the allene (27).
which could have been formed by a pseudo-
so been identified. For example, the
h allene afforded propargylsuccinic
6,27). Substituted allenes can react to
nding on which carbon atom is attacked and
ifts (26).
While allenes sometimes react with dienophiles to form acetyl-
enes, acetylenes normally react to form allenic compounds. Thus, 1-
hexyne and diethyl fumarate give the allenic diester, XVIII, when
heated in an autoclave at 230° for four hours (21).
CH3 (CH2 ) 3C^CH +
EtOOC M
AH COOEt
CH3 (CH2 ) 2CH=C=CHCHC00Et
CH2C00Et
XVIII
A second product (XIX), containing two moles of ester to one mole of
1-hexyne, was the major product of the reaction. Although its struc-
ture was not investigated, it was thought to be a Diels-Alder adduct
resulting from isomerization of XXII to an a, £, ^/-unsaturated ester
followed by reaction with diethyl fumarate.
EtOOC. ,HV
XVIII ^ -> CH3 (CH2 ) 2 CH=CHCH=C-C00Et
I
CH2C00Et
c
H7
x
C00Et
EtOOC CH2 C00Et
•^y-COOEt
^y^COOEt
(CH2 ) 2 CH3
XIX
Alder, Bohne and Muller reported (l6) that the reaction of 1-
hexyre with M.A. yielded three products. Only two of these were iden-
tified; they were found to have structures analogous to XVIII and XIX.
OTHER DIENOPHILES
Several other compounds serve
to those already described. Alder
ate underwent reactions with tetra
benzene to form products analogous
examples of the addition of acryli
published, largely in the patent 1
reactions are generally run at 200
amount of polymerization inhibitor
acrylic compound.
as dienophiles in reactions similar
reported that ethyl azodicarboxyl-
lin, a-methylstyrene, and allyl-
to the M.A. adducts (4). Numerous
c compounds to olefins have been
iterature (20,28,29,30,31). The
-300°, with the addition of a small
to prevent polymerization of the
' ':*.)
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The reaction of isobutylene with acrolein (20) furnishes an
interesting example of the effect of reaction conditions on the pro-
ducts formed. When the reaction was run for fifteen minutes at 300°,
two principal products were formed: the "normal" Diels-Alder adduct
(XX) and the methylenecyclohexanol XXI. The latter was assumed to
be formed by cyclization of the expected product, XXII; this was
shown to be the case when it was found that XXII was formed if the
reaction was carried out at 200° for one hour, and that it was convex
ted to XXI by heating.
CH2 =CHCH0 + (CH3 ) 2 C=CH< +
Ar
O /
XXI
CH2
CHS\ Hi
£ CHO
CK2 CH3 XXII
Acrylic compounds can be made to dimerize under conditions simi-lar to those used in the above reactions. Indeed, such dimerization
often occurs as a nuisance reaction when addition to other olefins isdesired (20). Methyl methacrylate and methacrylonitrile afford
XXIII and XXIV, respectively, as dimerization products; the trimersXXV and XXVI are among the by-products (32,33,34).
,CH2/ \<=
Y-C CH2
ii !
CH2 CH.
7CH2
y-c
x
ch2
ii i /i
CH2 CH; V
X (CH2 ) 2CH
/
'CH:
XXIII: : Y = C00CH3
XXIV : • Y = CM
XXV: y = COOCH3
XXVI: Y = CM
Methacrylonitrile also yields some cis- and trans-l,2-dimethyl-l ,2-dicyanocyclobutane (32). These products areTo~be expected, since
cyclobStanf(35)!
ac^lonltrile Sives cis- and trans-l^dicyano-
xound that dimethyl a, ^-dimethyl- a, p-dihydromuconate
oy-product in the commercial process for making methyl
rocess consists in heating acetone cyanohydrinThis
Crawford
was formed as
methacrylate.
nh^-^r10 aCld aInd Chanel (3673f). Albisetti and coworkers
hyd?olv^i'
r
o"
e
xx?V ?^fbhy\ a^-di^ hyl -a^-dihydromuco^te upon acidn ar iyo o , XXI (32), and suggested that double bond migration inthe presence of acids accounts for its formation. 6 «i m
made ToZ^\t^V?l\^V% ^ Pressure conditions, ethylene can be
oxiL ^ r l^t°i t ed °^ linG (^). The 1:1 adducts with mesityl
re'plcfivei; ^^°
t0n°ni
^^
e haVe ^uctures XXVII and XXVIII,
•spe t ly. ,hese are not the expected products, but the 2:1 adducts
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( XXIX and XXX). are the normal ones. Apparently, double bond migra-
tion occurs in the mono-adducts under the strenouous reaction condi-
tions.
CH a«C—-CHCH2CH3 _> (CH3 ) 2C=C-CH2 CK3290"(CH3 ) 2C=CKY + CH2 =CH2 3QQ6atm . CHs
|cHs=CH2 XX.VEI: Y - C0CH3
CH3 CPI2CH2C=^C-CH2CH3
XXVIII
|
Y
=
CN
i !
CH3 Y
XXIX : Y = COCH3
XXX: Y = CN
Ross, Gebhart and Gerecht studied the polymerization of undecyle-
nic acid at high temperatures (38). They were able to isolate the
dimethyl ester of 8-eicosene-l,20-dicarboxylic acid in 14$ yield as
the chief product, along with higher polymers.
Finally, mention should be made of the use of aldehydes and sul-
fur trioxide as dienophiles. The synthesis of alkenyl alcohols by
the reaction of aliphatic olefins with aldehydes at 100-250° has been
patented by Ritter (39). Addition of formaldehyde to unsaturated
terpenes (40), methylenecyclopentane (11), or methylenecyclohexane
(10) affords the corresponding 3, ^-unsaturated alcohol.
The addition of sulfur trioxide to methylenecyclopentane (11),
methylenecyclohexane (10), or 2-benzyl-l-propene (41) was carried
out under much milder conditions than any of the reactions discussed
so far. This reaction is run at 0° in dioxane solution; the products
are f3, ^unsaturated sulfonic acids.
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Absolute Configuration of Optically Active Diphenyls
Reported by S. H. Metzger April 7, 1958
INTRODUCTION
Until 1951 when the absolute configuration of (+) -tartaric
acid (I) was determined by X-ray diffraction studies (l), there were
no reliable means, either chemical or theoretical, for determining
the absolute configurations of optically active compounds.
Fortunately, the absolute configuration of (+)-I and the absolute
configuration of ( -)-isoleucine (II), which was also determined by
X-ray diffraction methods (2), agreed with the Fischer postulate
for the two compounds. Thus was made possible the determination of
COOH COOH
(+) I
-OH
H
00H CH2CH3 (-) II
the absolute configuration of a large number of compounds which had
been, or could be, configurationally correlated to (+)-I or (-)-II,
or their respective enantiomers.
Very recently the determination of absolute configurations has
been extended to include ortho -substituted diphenyls and related
compounds. This seminar will cover these investigations.
OPTICALLY ACTIVE DIPHENYLS
In 1922, Christie and Kenner (3) reported the separation of
6,6'
-dinitro-2,2 ' -diphenic acid into a pair of enantiomorphs (III and
IV). This was the first compound known to owe its optical activity
2N NO;
/r v
—
2N
C0 2H co 2H
'/ v
>
N0 2
*."v
III
co 2h C02H
IV
to restricted rotation about a single bond. Since that time numerous
other ortho -substituted diphenyls, as well as bridged diphenyls,
terphenyls, and other diaryl systems, have been resolved (^,5).
Adams and his co-workers have made a major contribution. A few
recent examples are given in compounds V-VIII.
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C0 2H
CH30.
HO_L li-CHsCHCeHs
T
l<Sv CH=CH2
CH3O-L. J]
V (6a, 6b, 6c)
N =C-C 6H5
I
N=C-C 6H5
C0 2H
VI (7) VII (8)
CO2H
VIII (9)
All the above examples owe their optical activity to two factors:
l) restricted rotation around the pivot bond, 2) neither aryl group
(connected to the pivot bond) possesses a plane of symmetry that
is perpendicular to the plane of the ring and contains the pivot
bond. A diphenyl derivative of the type shown in IX cannot be
IX
resolved since ring B possesses a plane of symmetry.
The
the degre
For the s
comparing
to the di
planar co
less than
if it is
resolvabl
substitue
rates of racemization of diaryl systems are dependent upon
e of strain in the conformation with the two rings coplanar.
imple 0,0 ' -diphenyl series the rate may be estimated by
the sum of the atomic or group radii of the substituents
stance (2. 90S ) between the two ortho positions in the
nformation (5). If the sum of the radii is appreciably
2.90 &, the diphenyl racemizes too rapidly to be resolved;
considerably larger than 2.90 A , the diphenyl should be
e at ordinary temperatures. Radii for most of the common
nts have been tabulated (5).
Another quite useful method for estimating the
of diphenyl derivatives is based on the ultra-viole
tion. Diphenyl exhibits a K-band near 2500 8 {£'-
may be ascribed to the transitions from the homopol
to a dipolar excited state represented as ®Ph=Ph® (
bridged diphenyl derivatives, any steric hindrance
is reflected in the ultra-violet absorption spectra
mic wavelength shift accompanied by a decrease in i
racemization rate
t light absorp-
^15,000) which
ar ground state
10) . In non-
to uniplanarity
by a hypsochro-
ntensity (11,12).
Prom the spectral data the angle made by the planes of the two
benzene rings may be estimated (cos 29 =£/€ ) (ll).
Finally, fairly accurate calculations of the activation energy
for racemization of diphenyl derivatives may be made by the method of
Westheimer and Mayer (l;5). Since Kistiakowsky and Smith (l4) have
determined that resolvability of a racemic diphenyl is impossible if
the activation energy is appreciably less that 20 kcal. [<17 kcal.
(15)]* prior knowledge of the rate of racemization of a particular
diphenyl derivative may be obtained.
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Absolute Configuration Determinations.- -Mislow and co-workers
(l5a,15bj conducted a partially asymmetric reduction of (i')-4 , ,l M -
dini tro
-1
,
2,3A -dibenz -1
,
3 -cycloheptadiene -6 -one [
(
t ) -DNDBCH-6 -one
]
(x) by the Meerwein-Ponndorf -Verley method using a large excess of
(+) -pinacolyl alcohol for a minimal time.
14 g. (+) -pinacolyl n M ll n M
ale, [a]|9 + 7.73° aN~J<yLi , 2N_^, . R
717 mg. Al(t-BuO) 3 °2N -;;**^| ' 2N^^.r ^OK
seven hr. :-
t ^
X XI XII
(
-
)
-DNDBCH-6 -one ( +) -DNDBCH-6 -one (
-
)
-DNDBCH-6 -ol
951 mg. 139mg.,[a]gs +lp6° 665mg., [a]g6 - 109°
i-PrOH
v
Al(i-PrOH);
(+) -DNDBCH-6 -ol
[ajg8 + 498°
The unreacted ketone and the alcohol were quantitatively separated by
chromatography on silica gel, and the (+) -ketone was further reduced
as shown. A similar experiment using (+) -2-octanol gave (+)-DNDBCH-
6-one, OlS6 + 52° (reduced to (+) -DNDBCH-6 -ol, [a]" + 212°) and
(-)
-DNDBCH-6 -ol, [a]g6 - 54°. If the above illustrated reaction is
run for 25 hr., only racemic DNDBCH-6 -ol is obtained. Likewise, only
racemic product is obtained if the reduction is conducted using alu-
minum isopropoxide in isopropyl alcohol. It was unequivocally conclu-
ded (l5a,15b) that (+) -DNDBCH-6 -one has the absolute configuration XI
[S-isomer by the nomenclature of Cahn, Ingold, and Prelog (16)] and
that (-) -DNDBCH-6 -ol has the absolute configuration XII (R-isomer)
.
The basis for the configuration assignments rests on a knowledge
of the mechanism of Meerwein-Ponndorf -Verley reductions and on a
knowledge of the absolute configurations of (+) -pinacolyl alcohol and
(+) -2-octanol . It is of particular theoretical interest that the
assignments were made possible by relating diphenyl isomers with
tartaric acid (i).
The absolute configuration of (+) -2-octanol (S -configuration)
(XIIl) has been unequivocally established by chemical correlation to
(-)
-tartaric acid (XIV")
.
1. (17) (CH2 ) 5CH3 (CH2 )sCH3
ho-c-h -£» £!k£» chsO-c-h
t 1
ch3 ch3
S-(+)-XIII (+)
2. (18) CH2CH2COOH CH2CH2CH2OH
CH3O-C-H SiAiSL,
' SOCl^ _Mg^
1 F
CH3 CH3
(+) (+)
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CH2=CHCH2C1
->
(CH2 )sCH3
^^-> CH3O-C-H
1
CH3
(+)
J>. (18) CH2CH2COOH
CH3O-C-H
CH3
(+)
AgN03
NaOH
Br2
CC1.
CH2CH2Br CH2CH3
-> CH3O-C-H 25t> ML> CH3O-C-H
4. (19) CH2CH3
HO-C-H
CH3
(+)
Na CH3I
5. (20)
CH=CH2
CH3O-C-H
CH3
(+)
C6 H5 C03 H
CH3
(+)
CH2CH3
CH3O-C-H
1
CH3
(+)
/ \
CH-CH2
CH3
(+)
-> CH3-C-H
1
CH3
(+)
HIO4
OBr
H2,
'Pt
CH2CH3
CH3O-C-H
CH3
(+)
6. (21) C02H
HO-C-H •
!
CH3
(+)
C02H
CH3O-OH
I
CH3
as p -phenyl
-
phenacyl ester
(+)
C02H
-* CH3O-C-H
CH3
as p -phenyl
-
phenacyl ester
(+)
7. (22) COOH
HO-C-H
1
H-C-OH
1
COOH
(-)-(XIV)
COOCH3
1
HO-C-H
H-6-0H
COOCH3
CH3COCI
COOCH3
» CH3COO-C-H
H-9-OH
COOCH3
S0C1 2
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COOCH3
i
-> CH3COO-C-H
H-C-Cl
CCOCH3
COOH
l
HO-C-H
1
CH2NH2
( + )
HC1 Pt.wire
>
Zn dust
COOH
1
CONH2
HO-C-H Me este^ M^-> HO-C-H
I !
CH2 CH2
iooH
(-)
NOBr
COOH
1
HO-C-H
I
CH2Br
(+)
sodium
amalgam
Br2/Ba(OH) 2
It should be noted that all the signs in numbers 3, 5,6, and 7 were
reversed from the original literature so as to obtain a smooth
transition.
Although (+)-pinacolyl alcohol has not been chemically corre-
lated with either tartaric acid or isoleucine, Stevens (23), by
careful application of the Displacement Rule, has correlated it with
(+)-2-octanol. The S-configuration (XV) may be assigned to (+)-
pinacolyl alcohol with confidence.
C(CH3 ) 3
HO-C-H
1
CH3
XV
S-(+) -pinacolyl alcohol
The mechanism of the Meerwein-Ponndorf-Verley reaction has been
well established. The cyclic transition state XVI first postulated
>\
C
H
XVI
1)
by Woodward, Wendler, and Brutschy (24) has been confirmed by several
groups of workers (25,26,27).
Now we may examine the two transition states (A and B , Pig.
corresponding to the two enantiomorphic forms of (+)-DNDBCH-6-one
(the two nitro groups have been omitted since they add nothing to
the analysis). First, two very important points should be made
clear: 1. It makes no difference whether the alkoxide attacks from
the back (as shown) or the front of the molecule. Steric effects
are exactly the same (the two sides are equivalent). 2. It follows
from 1. that there is one, and only one reduction product of each
isomer of (+)-DNDBCH-6-one . The resulting carbinol carbon is not
asymmetric
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t
In A there is considerably more steric interference between
a _t-butyl group and a phenyl then in B* where there is only com-
pression of a methyl group against a phenyj. Therefore, it may be
concluded that AF.* is larger than «^*F *. As a consequence, the
rate constant for the formation of the carbinol from the ketone
isomer corresponding to B* will be larger than the rate constant
for the j- formatjai of the carbinol from the ketone isomer correspond-
ing to A"**. From this reasoning Mislow and co-workers (l5a,15b) con-
cluded that the unreacted (+) -ketone had the absolute configuration
of A* (S-configuration) (XI).
In further support for their argument a more quantitative
analysis was made of the reactions (Table i).
Reducing
alcohol
k'
R,
hr.
k'
hr.
TABLE I.
k,
S. "H/,k,
-A*F
±b max,
hr.
W
k
W
A
(+)-Pinacolyl 0.39 0.18 2.2 0.51 3-66 0.624 0.157
(+)-2-0ctanol 5.4 3-9 1.^ 0.21 0.217 0.239 0.068
kR and k„ = rate constants for R- and S-isomers.
JAAF (: -RT
In k c/k ) is a measure of the efficiency of the reaction.
C
t„,_ v iso r max
the point where mixture of the ketone and alcohol exhibit maximum
specific rotation. WK and W. = the optical purity of the re-
covered (-i-)-ketone and (-)-alcohol respectively, based on pure ( + )-
DNDBCH-6-one, [a]D + 210° and pure (-)-DNDBCH-6-ol, [a]D-696°.
As would be expected kR/ko and «£, *:*^F are greater for ( + )-pinacolyl
alcohol than for ( + )-2-oc^anol since compression of a t;-butyl group
against a phenyl is more prohibitive than the compression of a n-
hexyl group against a phenyl. The calculated t (Table i) for
(+)-pinacolyl alcohol agrees quite well with the experimental t
max
(Fig. 2). The t is of interest because it is at this point that° max
27
[a]
D for
DNDBCH-6 -one/6 -ol
Figure 2
-80 j
t
max
i y
- 6 o -; /
| /
-40+ /
: /
i i
-20Ji
\ V
\
"**---
,
8 12 16
Time (hr.
)
20 24
the rate of reaction of the S.-enantiomer becomes faster than that of
the R-enantiomer.
Concurrent with the work just discussed Berson and Greenbaum
(6a, 6b, 6c) determined the absolute configuration of diphenyl de-
rivatives by an entirely different method. They allowed phenyl
-
magnesium bromide to react with thebaine (XVII) and assigned the
- >
.
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absolute configuration (XVIII) to the (+)-phenyldihydrothebaines
obtained (no (-) -products were obtained).
CH3O-K
CH30
XVII
OCH3
(+) -XVIII
Two products were obtained, a major product called (+)-ct-phenyldihy-
drothebaine and a small amount of the (+)-/ -isomer. These two iso-
mers differ only in the configuration of the asymmetric carbon since
Hofmann degradation of either isomer gives the same product.
The absolute configuration of thebaine (XVII) is known because it
has been correlated with morphine, the absolute configuration of which
has been established beyond question by Bentley and Cardwell (28) and
by X-ray diffraction studies of Mackay and Hodgkin (29).
The assignment of the correct configuration for (-f)-phenyldihy-
drothebaine stems from an analysis of the metastable intermediates XIX
and XX, or the corresponding transition states.
CHaO-vX
BrMgd
/ 'a
_15/)NCH3
//' 1 ON 9
\
e bv.
OCH3
CH30
BrMgd
i5x
9J NCH3
u\ il5
1
0CH3
XIX XX
These two possible intermediates arise as a result of C13 going from
tetrahedral to planar (trigonal) during the migration of C15 from C13
to C14 (XIX and XX are not interchangeable (6c)). In XIX the dihedral
angle between the plane defined by C15-C14-C9 and that defined by
C14-C9-N is close to 0° when the angle between the planes of rings A
and B is about 45°. This allows construction of the five-atom ring
without angle strain. On the other hand, in XX must be greater than
60°, and this puts an intolerable strain on the five-membered ring and
requires severe distortion in the C9-C10 ring. On the basis of this
reasoning Berson and Greenbaum (6a, 6b, 6c) assigned the absolute confi-
guration XVIII to (+)-a-and (+)-<f -phenyldihydrothebaine.
The above arguments may be confirmed with molecular models
(Fischer-Taylor-Hirschfelder) . Intermediate XX cannot be construc-
ted. Furthermore, the mechanism leading to the intermediate XIX has
an analogy in the conversion of thebaine to morphothebain (30). Since
magnesium bromide (present in solutions of phenylmagnesium bromide)
can act as a Lewis acid, it will probably attack in the same way as
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CHao/ NCH3 HC1 CH3O-.
H
CH3 .
NCH3
CH3
heat
\ v/nCHs
'i y
XXII
the proton. The intermediate XXI is reasonable since XXII can be iso
lated (XXI need not necessarily be formed from a concerted attack, as
shown )
.
Now intermediate XIX cannot rearrange by tautomeric shift (like
XXI ) since the methyl group has not been removed from the methoxy
group at Cs- Formation of the predominant a-configuration at C9 in
phenyldihydrothebaine (XVTIl) can be explained either by a concerted
displacement reaction at C9 in XIX by phenyl anion or by asymmetric
induction during the attack of the phenyl anion on the disymmetric
intermediate carbonium ion XXIII.
CHsO-"^
^-NCHs
CH3O
XXIII
Experimental Correlations .--Simple
chemical correlations to phenyldihydro-
thebaine are somewhat limited. Berson
and Greenbaum (6b, 6c) did relate some
non-bridged biphenyls by conducting
Hofmann degradations on (+) -phenyldihy-
drothebaine (XVIII).
Configurational correlations to
DNDBCH-6-one are quite extensive (l5a,
15b, 31*32, 33) as can be visualized from its preparation and some se-
lected reactions. All the compounds have the S -configuration.
•CH2Br
CH2Br
KCN
(
-
) -XXV
OsN-l
2N._-
T+
j^-NH £-»(+) -DNDBCH-
/ -6 -one (XI
)
(+)-XXVI
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2N-
O2N-. v
-CH3
CH3
H2N_ CH3 Cl_
Sandmeyer
H2N r - ^-CH3
-CHs
(-)
-XXVII (-) -XXVIII
CI -<'^>-CH3
(-)-XXIX
It is of interest that the above absolute configurations of (-)-
(XXIV) and -(XXVIIl) are in opposition to Kuhn and co-workers (3^>35>
36) who, as a result of calculations based on theoretical models,
assigned the R-configuration to these enantiomers
.
In addition to chemical correlations, Siegel and Mislow (37)
extended the method of configurational intercorrelation by thermal
analysis (phase diagrams) to include optically active diphenyls. This
powerful and reliable method was developed by Timmermansin 1929 (38)
and was extended by Fredga (39) to many examples. The first correla-
tions made (37) were (+) -6,6 ' -dimethyl- to (-)-6,6 ' -dichloro-,
6,6 '
-dimethyl- to (-)-6,6 ' -dinitro-, and (+) -6,6 • -dichloro- to
6,6 ' -dinitro -2, 2 ' -diphenic acid. Thus, the S-configuration could be
assigned to the (-) -6,6 ' -dichloro- and the (+) -6,6 ' -dimethyl -2,2 '
-
diphenic acid. The method was extended further to include the cor-
relation of (+) -6, 6' -dichloro- to (+) -6,6 ' -dimethyl -2,2 ' -bis-
(hydroxymethyl)-diphenyl . All the correlations were confirmed by
chemical correlations. A typical diagram obtained with the diphenic
acid series is given in Fig. 3. It can easily be seen that the con-
figurationally opposite enantiomers give a quasi -racemate (arrow,
curve a) while the configurationally similar enantiomers form a solid
solution (curve B)
.
1.
2.
3.
4.
5.
260•\ A \ B
1
\ 1- \'n. \240]
, VC.
\. \\
'*». V
22C
V'
V 1
200 !
, k ^_ \
O 20 40 60 80 O 20 40 60 80 lOO
Wt. % (+) -6, 6' -dimethyl -2, 2' -diphenic acid
Fig. 3--Phase diagrams of (+) -6,6 ' -dimethyl -2,2 ' -diphenic acid vs.
(+)- and (-) -6,6 ' -dichloro -2, 2 ' -diphenic acid (curves A and B,
respectively)
.
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METHYL AFFINITIES OF AROMATIC AND OLEFINIC COMPOUNDS
Reported by G. L. DeTommaso April 10, 1958
I
.
INTRODUCTION
A characteristic reaction of ethylenic compounds is the addition
of a free radical to the carbon-carbon double bond; the outstanding
example being that of vinyl polymerization.
Sufficient evidence (l-7) has been presented recently indicating
that reactions between radicals and aromatic compounds do occur.
However, little work has been done (7-16) to place the reactivities of
unsaturated compounds on a quantitative basis.
It is the purpose of this seminar report to present additional
quantitative work reported as methyl affinities (m.a.) which are the
relative (to benzene J rates of addition of methyl radicals to various
substrates
.
II. GENERAL METHOD
Methyl radicals are generated by the decomposition of acetyl
peroxide in an inert solvent as isoo'ctane, the decomposition follow-
ing the stoichiometric relation [CH4 + 2C2H6/CO2] ^^ 1; in the presence
of an aromatic or ethylenic compound, the amount of CH4 decreases with
no change in the amount of CO 2 indicating two competing reactions for
methyl radicals (17,l8)."
(1) CHs- + isorC 8Hie -£*•* CH4 + iso-C8Hi7
(2) CHa- + A -i&* CH3 A.
The following relation holds for the reactions
:
I ks/ki = f(CH*/C02 )SH - (CH4/C02 ) A /(CH4/C02 ) A \ XSH/XA
k2 and ki are the specific rate constants for (2) and (l) respectively;
(CH4/CO2/QH an(^ (^4/002)^ denote the respective quantities measured
in solvent only and solvent plus aromatic or olefin; XgH an^ XA are
the respective molar fractions of solvent and substrate.
In addition to reactions (l) and (2) above, there is a third pos-
sible competing reaction (19).
(3) CHs- + A -£&* CH4 + A-
in which case the above expression transforms to:
fACHa formed XshY"
1
= j^V 1 +
\ CH4 formed XA j Vkx/
A plot of (k2/ki) vs. Xa/Xsh should give a straight line; the
intercept equals ki/k2 and the slope is k3/k2 .
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III. METHYL AFFINITIES OF AROMATIC COMPOUNDS
The m.a. 's of a series of "normal 1 ' aromatic compounds were inves-
tigated (17^ 18,20,21); the results are given in Table I along with the
localization energy ((3 -1 ) and the number (n) of carbon atoms exhibit-
ing maximum reactivity.
TABLE I
Compound m.a. n 0-1 Compound m.a. n .(3" 1
benzene 1 6 2.54 benzpyrene 515 1 1.94
biphenyl 5 4 2.38 anthracene 820 2 2.01
naphthalene 22 4 2.30 naphthacene 9250 4 1.93
phenanthrene 27 4 2.30 pyridine 3 - -
chrysene 57.5 2 2.24 benzophenone 11 - -
pyrene 125 4 2.19 quinoline 29 - -
trans -stilbene 183 2 2.16 isoquinoline 36 - -
dibenzanthracene 370 2 2.13 acridine 430 - -
benzanthracene 468 1 2.04 diphenyl ether 2.5 - -
Reactivity parallels an increase in conjugation, e.g., compare
benzene, biphenyl, and diphenyl ether; the m.a. of diphenyl ether is
twice that of benzene because of the two unconjugated rings whereas
the m.a. of biphenyl is five times that of benzene.
The reactivity of heterocycles such as pyridine and quinoline
compared to the corresponding isocyclic compounds is somewhat affected
by the hetero atom; however, the effect decreases with increasing
size of the molecule.
The data of Magat and Boneme (l,22) indicates that compounds with
high m.a. 's are efficient inhibitors, e.g., nitrobenzene (80) and m-
and p-dinitrobenzene (500)
.
The reactivity is dependent on the localization energy of the
unsaturated molecule; a linear relation was found between log m.a.
and localization energy (23,41).
The m.a. 's of distorted aromatic hydrocarbons were studied.
Certain aromatic hydrocarbons, Table II, as the substituted benzo (c)
phenanthrenes exemplify the effect of intramolecular crowding on
reactivity (24).
TABLE II
Compound m.a
.
'• Compound m.a
unsubstituted 64 6 -methy1
-
65
2
-methy1
-
55 1 -methyl 107
3 -methyl 70 1, 12 -dimethyl
-
184
4
-methyl 73 hexahelicene 285
5 -methyl 58.5
v •. - :
.
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The m.a. 's of the 2-,3-, il--,5-, and 6 -methyl- substituted benzo
(c) phenanthrenes are approximately equal to that of the parent hydro-
carbon. The decided increase in the 1 -methyl and 1, 12-dimethyl com-
pounds parallels increasing strain and decreasing planarity of the
conjugated system. The effect of strain is greatly emphasized by the
magnitude of the m.a. of hexahelicene
.
The deformation increases the localization of electrons which
ordinarily would be delocalized in a planar aromatic molecule and
hence leads to a greater availability of electrons .This is substantia-
ted by the linear relationship found between log m.a., maximum free
valence, and localization energy.
Szwarc and Leavitt (25) have investigated the effect of twisted
and stretched double bonds on the reactivity of poly-arylated double
bonds in particular.
TABLE III
Compound m.a. Compound m.a.
bis-diphenylene ethylene 1370 triphenylethylene 85
phenyldiphenylene ethylene 820 tetraphenylethylene < 25
diphenyldiphenylene ethylene /-\^15 acenaphthalene 1030
The proximity of the hydrogen atoms on the 1,8,1', and 8' carbon
atoms prevents the coplanarity of the bis-diphenylene ethylene molecule
which distorts the pi electron system and increases reactivity.
A comparison of triphenyl- and tetraphenylethylene exemplifies
the effect of steric hindrance on reactivity.
A comparison of bis-diphenylene ethylene and phenyldiphenylene
ethylene indicates two factors affecting reactivity, pi cloud distor-
tion which does not occur in the latter and steric hindrance.
The possible rotation about the carbon-phenyl bond of diphenyl-
diphenylene ethylene removes any distortion from steric strain; hence
the difference in reactivity between bis-diphenylene- and diphenyl-
diphenylene ethylene. The similar reactivities of diphenyldiphenylene-
and tetraphenylethylene is attributed to this effect also.
The reactivity increase of a distorted pi cloud is due to a
decrease in the overlaop integral, j3, v/hich is paralleled by a
decrease in the localization energy; this may be expressed in terms
of increasing potential energies.
Another factor affecting reactivity, e.g., the difference in the
m.a. 's of phenyldiphenylene- and triphenylethylene, is essentially the
greater stability of the fluorenyl radical as compared to the
diphenylmethyl radical (12,26). Furthermore the interaction betv/een
the two phenyl groups in the cis configuration of the latter radical
also lov/ers reactivity since the planarity is affected.
The m.a. of acenaphthalene is very large due to the abnormal
length of the 9,10 double bond the effect of which may be interpreted
in terms of localization energy and overlap integral.
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A study of the quinones is appropriate because of their inhibi-
tory action on chain processes. Rembaum and Szwarc (27) have studied
a series of quinones, Table IV.
Compound
p -benzoquinone
2
-methylbenzoquinone
2, 5-dimethylbenzoquinone
duroquinone
2-methoxybenzoquinone
2
-chlorobenzoquinone
2,5-dichlorobenzoquinone
2,6-dichlorobenzoquinone
chloranil
TABLE IV
m.a. Compound m . a
.
1.00 1,4 -naphthoquinone .32
.68 2-methylnaphthoquinone .22
.43 2, 7 -dimethylnaphthoquinone .27
.052 2,3-dimethylnaphthoquinone .036
•52 2,3-dichloronaphthoquinone .006
1.71 1,2 -naphthoquinone .225
2.59 phenanthroquinone .046
2
.
5^ 2
-t -butylanthraquinone . 006
. 02 anthraquinone
The reactivity decreases rapidly along the series p-benzoquinone,
1,4 -naphthoquinone, and 1,4 -anthraquinone reflecting a decrease in the
"olefinic" character of the double bond and the increasing shielding
effect of bulky groups
.
Substitution of a hydrogen atom by an electron donating group,
such as methyl or methoxy, decreases reactivity; and introduction of
an electron withdrawing group as chlorine in place of a hydrogen atom
increases the reactivity. This will be pursued in the latter part
of this report
.
There is a relation between redox potentials and m.a.. It is
tentatively suggested that the changes in the resonance energy of the
system Q + R* ~> QR» parallels the changes in the resonance energy
of the system Q + 2H ^-QHs.
The structure of the initial adduct is controversial; however it
appears that the carbon-carbon double bond is initially attacked
since the presence of bulky groups or atoms decreases the reactivity,
e.g., duroquinone, toluquinone, and xyioquinone. Additional evidence
cited is the low m.a. of 2,5-di-t-butylbenzoquinone in which the
bulky t -butyl groups shield the carbon -carbon double bond but not
the carbonyl function.
A linear relation was found between log m.a. vs. log relative
CC1 3:> PhCOOj •v^V*CH2 -CHPh, CH3CH2 -, andaddition rate of R* (R- =
CH3CH2CH2O. The slope of the plot, called intrinsic reactivity,
may be expressed as
Reactivity of CH3 • = slope x Reactivity of R-
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TABLE V
Radical Slope Reference
tri chloromethyl 1.8 17
perbenzoyl 1.8 17
styryl 2.18 27
ethyl 1 21
n -propyl 1 28
hydrogen atom <1 29
methyl - -
MECHANISM OP ADDITIONIV.
A linear relation was found between log m
. a . ' s, maximum free
valences, localization energies, and singlet-triplet excitation ener-
gies (23,30).
The progress of the addition reaction may be represented by the
following diagram in which the differences in activation energies
(and therefore the m.a.'sjare proportional to the singlet -triplet
sxcitation energy.
t
A
Triplet 3 +M at r„M = oO
Singlet-triplet excitation
energy
Singlet S+M at rQM = oF>
5n
The course of the reaction follows the heavy line. The repul-
iion curve (r) which represents the initial stages of the reaction
results from coulombic forces between the pi cloud of the substrate,
>, and the p -electron cloud of the radical, M. The Morse -like
ittraction curve results from S, with a localized electron, attracting
;he radical forming a new carbon-carbon bond. The point of interac-
tion of these two curves represents the transition state.
Assuming the slopes of the curves A and R remain constant for a
eries of reactions involving the same radical but different subs-
trates; and assuming that the difference in the rates at which a
lethyl radical will add to two different hydrocarbons is the distance
>etween the plateaus at rsw = CTo,then one obtains the expression
-^Eact. = a& Eex- The activation energy is determined therefore by
;he initial state and is little affected by the depth of the Morse
:urve
.
The reactivity of the substituted quinones may now be interpreted
•.tilizing the above diagram. A flatter repulsion curve would result
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from electron withdrawing groups attached to the carbon-carbon double
bond, and conversely, the presence of electron donating groups would
cause a sharp rise in curve R. The effect of these would be to change
the point of interaction of the two curves thereby affecting the acti-
vation energy.
Matsen (31 ) has shown that log m.a. and electron affinity vary
linearly. He proposes that the unpaired electron of the radical
initially enters into the lowest unoccupied orbital without bonding
to a particular carbon atom. The electron affinity should have the
effect of flattening out the repulsion curve leading to a lower
activation energy.
A change in the slope of the repulsion curve affects the intrin-
sic reactivity of a radical (23); since l/a equals the intrinsic
reactivity, a flatter repulsion curve results in a greater intrinsic
reactivity. This can be seen from the relation AEact = ciAEex .
V. METHYL AFFINITIES OF OLEFINS
The increase in reactivity from ethylene (3^/statistical factor
of 2) to iso-butene (36) parallels the greater stability of the radi-
cal formed (19^32,33^3^)- A calculation of steric factors (29) bears
out this increased reactivity.
TABLE VI
Compound k 2/ki Compound k 2/ki
ethylene 17(87)-"- decene-1 22
propylene 22 hexadecene-1 22
iso-butene 36 trans-butene-2 6.9
butene-1 22 cis-butene-2 3.^
pentene-1 22 vinyl acetate 3^
3 -methyl -butene-1 22 tetrachloroethylene <3
heptene-1 22 tetrafluoroethylene 3^5
* Relative to benzene
The m.a. 's are unaffected by the "tail" length or branching of
the "tail" attached to the double bond; the reactivity of the butenes-
2 is affected by steric hindrance caused by the methyl group on the
carbon to which methyl radical is adding.
The difference in the m.a. 's of C 2H4 , C 2C1 4 and C 2F4 (35) is
interpreted as due to repulsive forces, very low in C 2F4 , and steric
effects, very high in C 2C1 4 .
The two major factors affecting the reactivity of phenylated
ethylenes are steric hindrance and radical stability (36); the reso-
nance stabilization affects the activation energy and steric hindrance
affects the entropy of activation.
» V
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TABLE VII
m.a. £e* Compound m.a. Ae*
1630 -3.0 triphenylethylene 85 -3.6
2240 -6.5 tetraphenylethylene •"25 -
205 -2.4 a-methylstyrene 1890 -2.5
Compound
styrene
I# l-diphenylethylene
trans -stilbene
That increased reactivity parallels greater resonance stabiliza-
tion is indicated in the series styrene, a-methylstyrene, and 1,1-
diphenylethylene; this is attributed to a lower energy of activation.
The shielding of bulky groups manifests itself in the pre-
exponential term {A S*) since the activation energy for styrene and
stilbene is about the same.
The reluctance of a-methylstyrene to polymerize is attributed to
the difficulty of attack of the radical produced.
The m.a. 's for a series of cis and trans olefins were studied
(37); the results are given in Table VIII.
Compound k2/ki AE
s-2-butene 3.4 -2
ans-2-butene 6.9 -2
|-di-t-
buty1e thy1ene 1.9 -
ans-di-t-
butylethylene .4 -
s-stilbene 29 -1
.*
TABLE VIII
A2/A1 Compound k2/ki &E* A2/A1
.2 diethyl fumarate 1998(2050) -7.1 0.4
.4 maleic anhydride (3880)
chloromaleic
(5600)
ans-stilbene 104.5 -2.4
ethylmaleate 333(229) -4.6
5
3
.4
anhydride
di chloromaleic
anhydride (400)
maleonitrile (1750)
fumaronitrile (1790)
) - run in methyl ethyl ketone.
Although the final product (radical adduct) is the same, the
transition state for cis and trans isomers is different due to
restricted internal rotation.
The difference between the stilbenes is due to the planarity of
the trans in contrast to the non-planarity of the c:«.s isomer. This
effect is also demonstrated in the maleate (interference of carboxylic
groups distorts the planar configuration) and fumarate esters. In
contrast to this, the m.a. of maleic anhydride is high since the ring
retains the planar configuration.
Linear (-C=N) or spherically symmetrical (-CH3) substituting
groups do not effect a difference in reactivity between the isomers,
e.g., fumaro- and maleonitrile and the 2-butenes, since the activation
energies are about equal for the respective isomers
.
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It is tentatively suggested that the approach of the methyl radi-
cal is along the double bond axis of the olefin since the frequency
factors for cis- and trans -stilbene are approximately equal (5 and 3
respectively); if the approach was perpendicular, then A cis «A trans.
This direction of attack is substantiated by the maleate and fumarate
esters; the oxygen atoms of the planar fumarate hinder axial approach
whereas axial approach to the non-planar maleate is accessible. The
order found was A fumarate <^A maleate (.04 and .4 respectively).
M.a. 's have been a useful tool in the elucidation of the ethylene
glycol-maleic anhydride polyester (38). The m.a. found for the poly-
ester indicates an isomerization of the maleate to fumarate during
polyesterification
.
Rajbenbach and Szwarc obtained the following k2/ki values for
dienes (39).
Compound
allene
butadiene -1,2
butadiene
-1,3
isoprene
TABLE IX
k2Ax £E* A2/Ai Compound
20 -2.6 .41 1,4-diphenyl-
butadiene-1,3
17 -1.9 .87 2, 5 -dimethyl
-
hexadiene-2,4
2350 -3.0 25 1,1,4,4-tetramethyl-
butadiene
-1,3
2460 -3.9 6.9 hexadiene-1,5
2, 3 -dimethyl
-
butadiene-1,3. 2230
2, 5 -dimethyl
hexadiene-1,5
ksAi
378
21
60
68
77
Z\E* A2/A1
The reactivity of isolated dienes is twice that of the corres-
ponding olefin. A low frequency factor is responsible for the very
low reactivity of cumulated dienes in which attack is probably at the
center carbon atom.
The reactivity of conjugated dienes is very high due to a lower
activation energy attributed to the resonance energy stabilization
which is increased by the hyperconjugation effect of alkyl radicals
in the two or three position. However, substituents in the one and
four positions exhibit a blocking effect; compare 1,1,4,4-tetra-
methylbutadiene-1,3, butadiene, and isoprene.
The resonance energy of the allyl radical formed decreases the
activation energy of the addition reaction by 2-2.5 kcal./mole.
It has been demonstrated previously that a distorted pi electron
system leads to increased reactivity. If an acetylenic linkage is
considered as a "compressed" double bond, a decreased reactivity is
expected for acetylenic compounds due to the large value of the
overlap integral (40). A comparison of the reactivities of the
acetylenes and ethylenes bears this out.
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TABLE X
k2/k! A2/A 3 Compound k2/ki A2/A1
29.4 30 diphenylacetylene 12.0 3.4
10.8 5.0 pentyne-1 8 -
2 - hexyne-1 (or propyne) 11 -
185 60
Compound
acetylene
methylacetylene
dimethylacetylene
phenylacetylene
The stronger interaction of pi electrons (more negative (3)
requires a greater activation energy; on the other hand the cylindri-
cal symmetry of a carbon-carbon triple bond leads to a greater
entropy of activation (larger A factor).
The rate of addition of a methyl radical to alkyl acetylenes is
approximately independent of the length of the alkyl groups. The
decreased reactivity of dimethyl- and diphenylacetylene is due to
steric hindrance. On the other hand the lower reactivity of hexyne-1
as compared to phenylacetylene reflects the greater resonance stabi-
lization of the radical formed from the latter.
VI. ALKYL AFFINITIES
Ethyl (2l) and n -propyl (28) affinities have been measured for a
series of aromatic and olefinic compounds.
Results indicate the reactivity of the methyl, ethyl, and n-
propyl radicals is the same (intrinsic reactivity is unity); however,
the rate of hydrogen abstraction by methyl radicals is greater than
that of the other two . This is reflected in the greater bond disso-
ciation energy of methane in comparison to that of ethane and propane.
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THE GUERBET REACTION
Reported by William A. Hills March 31, 1958
INTRODUCTION
The direct formation of a higher alcohol from a lower one was
first observed by Guerbet (l) in an attempt to reduce an aromatic
ester with metallic sodium and alcohol (Bouveault -Blanc method).
Guerbet was subsequently able to convert a number of primary alcohols
into "dimeric isoalcohols" by heating them to high temperatures in the
presence of their alkoxides . In most cases, however, the yields were
extremely poor; moreover, the reaction did not always follow the
normal course
.
Since the work of Guerbet, this reaction has been investigated
by a number of workers. This seminar consists of a brief review of
the reaction, a discussion of its probable course, and a survey of
reactions which may be considered extensions or modification of the
classical Guerbet reaction.
A SURVEY OF REACTION
The Guerbet reaction^affords a convenient route to alcohols con-
taining a branched chain beta to an alcohol group. The reaction is
general for primary and secondary alcohols containing an a-methylene
group. A typical example is the conversion of n-butyl alcohol to 2-
ethyl-1-hexanol (4,5,6}
.
CH3CH2
CH3CH2CH2CH2OH CH3CH2CH2CH20Na p CH3CH2CH2CH2CHCH2OH
The reaction is of value not only for the condensation of identi-
cal alcohol molecules but also for unlike alcohol molecules. The so-
called "mixed" Guerbet reaction occurs with many alcohols. Thus iso-
butyl alcohol reacts with cyclohexanol to give 2-isobutylcyclohexanol
.
CH3CHCH2OH +
CH3
OH OH
r^~ ^ CHsCHCH2—r'"^^T
I J —* 6h3 1 i
In a similar way ethanol and 1-hexanol afford 1-octanol. In "mixed"
Guerbet reactions it is necessary for only one of the alcohols to have
an a-methylene group.
The Guerbet reaction is complicated by several factors of which
the two most important are further condensation of the newly formed
alcohol and oxidation of the alcohols to acids. The first factor is
illustrated by the condensation of ethanol (6).
CH3CH2OH
^
CH3 (CH2)4CH20H
XCH3CH2OH ^* CH3CH2OH
CH3(CH2 )2CH20H > CH3CH2CHCH2OH
CH2CH3
CH3CH2CHCH2OH
CH2CH3 -» CH3CH2CHCH2CH2CH2OH
I
CH2CH3
Wl l '
! »J .4
.it:
;.
.
j :.-.-rn''
-
:
-'. i.p/3 '-"' '.-•" ' j'i f -' ' " :'•*'
.
. I O; .< ;'iv: •..• 'it- ! :•; J.:,. J'
i
j
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The major product is 1-butanol. In each step of the above out-
line an acid can and often does form from the alcohol. Secondary
alcohols yield lower acids, which undoubtedly are derived from oxi-
dative cleavage. As would be expected, the products from mixed
Guerbet reactions are even more complicated. Oxidation of the origi-
nal alcohol to an acid was extensive in the work of Guerbet (l,2,37*
the desired product was usually isolated in only 3 to 5$ yield.
The importance of the Guerbet synthesis has led to many attempts
to minimize the side reactions. The most effective modifications have
been the use of dehydrogenation metals as catalysts and the immediate
removal of water from the reaction mixture. Such catalysts as nickel,
copper-bronze, magnesium chromite, copper-magnesium chromite, and mag-
nesium oxide (7*9*10,11) have been used extensively. With some of the
metals or combinations of them weaker bases than the alkoxides could
be employed. Farrar (6) has shown that basic reagents such as magne-
sium oxide, calcium oxide, potassium carbonate, and sodium carbonate
in the presence of Raney nickel, copper chromite, or zinc chromite are
effective in these conversions. The use of the three catalysts in
equal amounts by weight affords the best results. The reaction was
also shown to go well when a mixture of sodium hydroxide and boric
anhydride was employed with continuous removal of the water as it is
formed. In other cases alkaline reacting phosphates (7) proved to be
very useful.
Other publications (9*1^*10) disclosed that the removal of water
in potassium hydroxide catalyzed reactions also improved the yields.
In Table 1 are examples of alcohols which have been condensed by use
of a nickel catalyst in conjunction with the alkoxide of the alcohol.
In Table 2 it is shown that the reaction goes in good yield without
the nickel catalyst if the temperature is sufficiently high. In
Table 2 are listed examples of "mixed" Guerbet reactions.
TABLE 1
CH3(CH2 )CH20H
(0.5 mole Nickel'"" per mole of alcohol)
n
2
3
4
5
6
7
8
5
6
7
' Temperature
at which reaction
is run
Per
of
cent yie
"dimeric
alcohol
Id
11
Percent yield
of acid derived
from starting ale.
136-155 75 5
155-180 74 3
174-204 72 8
195-238 66 17
205-250 72 20
222-276 61 24
237-271 70 26
Reactions without Nickel cataly:5t
195-254 71 24
207-262 70 24
224-305 68 30
* Union Oil Product Nickel
.'
!.
- 184 -
TABLE 2
Condensation of benzylalcohol with other alcohols
Alcohol Temperature Percent Yield
n-butyl- 143-187° 55
n-hexyl
-
177-207 59
n-heptyl- 184-211 58
3
-phenylpropyl 225-241 62
Condensation of cyclohexanol with other alcohols
p-methoxybenzyl- 172-186 6l
£-chlorobenzyl- 175-182 47
n-octyl- 175-190 6l
COURSE OP THE REACTION
As stated previously the exact stoichiometry of this reaction is
unknown because of complications caused by side reactions. The
extent of these side reactions varies from one alcohol to another and
is also greatly dependent on the conditions under which the process is
carried out. In spite of these complications, Guerbet (15) postulated
the following equations for the stoichiometry of these reactions.
C
n
H2n+l0Na + 2CnH2n+l0H
A
A
C2nH4n+l0H + Cn-lH2n-lC00Na + 2Hs
^n-HL ^ + 2CraH2m+l0H "^ CH>H-nH2(m+n) +l0H + VlV^00"* + 2H*
The reaction was interpreted by Guerbet to be the direct alkylation of
an alcohol by an alkyl radical. No detailed mechanism was given,
however. The scheme of Guerbet was adopted by Weizmann (4,11,16) who
thought, however, that the reaction proceeded by the alkylation of an
aldehyde by an alkyl radical followed by reduction of the aldehyde to
the corresponding alcohol. The possibility of a radical mechanism can
be easily discarded, however, since both investigators found that the
reaction went more smoothly when air was present. This observation,
coupled with the fact that the products formed in these reactions
appear to have originated from an aldol-type intermediate, led Bolle
(5J to formulate a mechanism which has been successful in accounting
for all products usually formed. The mechanism is as follows:
(l) dehydrogenation of the alcohol to a carbonyl intermediate, (2) an
aldol condensation of the carbonyl intermediate, (3) dehydration of
the product from step 2 and (4) hydrogenation of product formed in
step 3« This scheme is given below.
(1) RCH2CH0H
1
R'
(2) 2RCH2C=0
1
R'
RCH2C=0 + H2
1
R»
OH
I
RCH2 C—CH—C=0
1 i
R' R R f
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OH
f
(3) RCH 2C—CH-C=0 > RCH 2C=C-C=0
•
•
i r i j
R' R R' R' R R'
(4) RCH 2C==C-C=0 + H 2 > RCH 2CH-CH-CHOH
l
I I I f
k R R» R» R R
It is readily seen that the carboxylic acids are formed by the
action of hydroxyl ion on the carbonyl intermediate (the Cannizzaro
or Dumas -Stas type reaction). It was suggested by Pratt (9) that the
reduction in step 4 may occur by a mechanism analogous to that pro-
posed for reduction of carbonyl compounds by aluminum alkoxides
(Meerwein-Ponndorf-Verley reaction) (17) • This reduction is illus-
trated below.
r r» r R R
t i
RCH 2CH=C—C=C) > I RCH 2CH 2C=C-0'
R l
l
RCH 2CHO'
H
RCH 2C-^-0'
i
R»
+ RCH 2C=0
i
R'
w
R R»
! f
RCH 2CH 2CHCHOH
It was also shown that if the reaction is interrupted at various
stages, carbonyl intermediates corresponding to steps 1 and 3 could
be isolated. Furthermore, an intermediate corresponding to step 3
with the a,3-double bond reduced could likewise be isolated (9).
Also, the intermediate in step 3 could be reduced to the final
alcohol under the reaction conditions.
Step 1 is believed to initiate the reaction, and the bulk of the
carbonyl intermediate necessary for the propagation of the process is
via the reduction step. Thus the hydrogen liberated in step 1 does
not serve to saturate the olefin and carbonyl functions. In support
of this it was noted that when RCH 2C=0 was introduced into the reac-
tion mixture, no induction time was necessary and more than an equi-
H 9'
valent amount of product alcohol was formed. When RCH 2CH2CHC=0 was
introduced, the same observations were made.
Perhaps the most convincing evidence for the above reaction
scheme is found in the work of Sulzbacher (8) on the condensation of
cetyl alcohol. He conducted the reaction in the conventional way with
the corresponding alkoxide as the catalyst and also in a modified way
with a sodium hydroxide-boric anhydride catalyst. In each procedure
the amount of hydrogen given off was measured and the reaction mixture
analyzed. The results of these experiments are given in Table 3»
\ i
H'VO •:""'
\ti i r.
.V hvv< .;.-! ,:(:• i
.
"'
'
;
-
*'
'-
w>r-eiiW-:i:
f
:-:
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From experiment I it is seen that the hydrogen formed initially
escapes before it can saturate the olefin and carbonyl bonds. It is
also apparent that only one-half mole of acid per mole of alcohol is
formed. This suggests that the acid originates from a Cannizzaro type
reaction catalyzed by the aqueous sodium hydroxide (from H2O + NaOR).
The quantity of acid is equivalent to the amount of water given off
in the dehydration step. In the modified procedure, experiment III,
where the water is removed rapidly either by a thermal process or by
reaction with boric anhydride, no acid is formed. This observation
also indicates that the first step serves only to initiate the reac-
tion. This discovery seems to raise a doubt as to the order suggested
by Pratt (9) for the reduction of the olefin and carbonyl bonds. This
order does not affect the general scheme given earlier for the
mechanism.
Even though in most cases reductions with alkoxides are specific
for the carbonyl group, the analogy is a good one. It will be seen
later that, in many reactions closely related to that of Guerbet the
reduction of a double bond does occur. Evidence which strongly
suggests that such a hydride transfer mechanism is operative has been
reported by Pratt (9).
EXTENSION OF THE GUERBET REACTION
Many examples of alkylations with alcohols under basic condi-
tions are to be found in the literature--transformations closely
related to the classical Guerbet reaction. One may think of these
condensations as "mixed" Guerbet reactions, in which an alcohol and
an amine or an active methylene compound are condensed instead of two
alcohols. Examples of such condensations are given below.
C 6H 5NH 2 + C 6H5CH 2OH
KOH
*-> C6H5NHCH2C6H5 + C 6H 5 CHO (18)
+ C 6H5CH 2OH -> (19,25)
H CH 2C 6H 5
C 6H 5COCH3 + C 6H 5CH 2OH C 6H 5CH 2OLi C 6
H 5C0CH 2CH 2CsH5 (20)
OH
NaOH (21)
In certain instances alkylation of amines by this method has
proved to have definite advantages over alkylation involving sodium
amide and alkyl halides. For example, a-aminopyridine is easily
alkylated with benzyl alcohol (22), while with benzyl chloride and
sodium amide, the reaction gives the pyridone imine (23,24) instead
of N-benzyl-a-aminopyridine.
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V ^NHCHaCeHs
CH2C6H5
This method of alkylation has also been shown to be useful in
cyclization reactions. The following reaction has been reported by
Clapp and coworkers (26,27).
KH
CH:
CH:
CH ;
V
X. /CH3
CH2OH
NH;
CH.
CH:
NH
n^
CH-
CH :
S C CH 2
i \ /
CH3 -NH
Pratt and co-workers (18,21) have shown that these alkylations
follow the course described previously for the simple alcohol conden-
sations. In addition, the study of the rates of alkylation of indole
and aniline with p-substituted benzyl alcohols gives even stronger
evidence for the reduction ep of the mechanism. That this step is
a slow one and does not involve simple hydrogenation by molecular
hydrogen has been demonstrated by Pratt. Electron donating groups
on the benzyl alcohol increase the reaction rate. Thus the order of
decreasing reaction rate is (CH3 ) aN-> CH30-> CH3 > H >C1. When the
same groups are placed in the para-position of aniline, the reaction
is retarded. From these facts it can be stated with certainty that
a hydride transfer mechanism is operative. It was shown also that
a trace of aldehyde was sufficient to initiate the reaction and no
dehydrogenation metal was then necessary.
Like other active methylene compounds the picolines are also
benzylated under Guerbet conditions. Two benzyl groups ma:/ be intro-
duced into 2- and 4-picolines. Quinaldine, however, forms only a
moncbenzyl derivative. Even 3-picoline can be benzylated, although
the yield is rather poor.
The effectiveness of alkoxides as reducing agents, already
indicated repeatedly, becomes even more evident when one considers
the reaction of quinciine with benzyl alcohol in base. Quinoline is
transformed into 1, 2, 3>^-tetrahydroquinoline, 3-benzyl quinoline, and
3-benzyl-l, 2, 3^-tetrahydroquinoline in good yields. These products
may be rationalized in the following way: the pyridine ring is
partially reduced; the reduction is followed by two concurrent
reactions, reduction to 1, 2, 3,^-tetrahydroquinoline and condensation
of dihydroquinoline with benzaldehyde to give 3-benzal-3,^-dihydro-
quinoline, which isomerizes to 3-benzylquinoline. The latter is
then reduced to 3-benzyl-l, 2, 3,^-tetrahydroquinoline . 3 -Methy1-
and 3-phenylquinoline (28) are also reduced by the above reagent.
In a similar manner fulvene (22) and some of its derivatives are
reduced by basic alcoholic solutions.
< !
•'
-•
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C6H 5CH 2OH
KOH
Another illustration of the reducing action of these reagents
is the conversion of a,£-diphenylacrylonitrile to a,|3-diphenyl-
propionic acid (28).
C 6H 5CH=CCN
I
C6H5
C 6H 5CH 2OH
KOH C SK5 CH 2-CH-CN
CsHs
-> C 6H5CH 2CHC0 2H
I
CeHs
An interesting series of alkylations with alcohols, reported by
Carroll (29), does not seem to fit into the mechanistic scheme pro-
posed for the normal Guerbet reaction. Thus when linalftol was
treated with ethyl acetoacetate and sodium ethoxide, the following
conversion took place.
OH
1
R-CCH=CH 2 + CH3COCH 2C0 2C 2H5 •» R-C=CHCH 2CH 2COCH3 + C0 2 + C 2H 5OH
»
I
CH3 CH3
[ R= ( CH3 ) 2C=CHCH2CH 2 -
]
On the other hand, phenylvinylcarbinol underwent the following
change
.
OH
C SH5 -CHCH=CH 2 * C 6H 5CH=CHCH 2CH 2COCH3
Cinnamyl alcohol reacted in a similar way.
CeH 5CH=CHCH 2OH > CH 2=CH-CHCH 2COCH 3
C6H5
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EFFECTS OF HIGH PRESSURES ON NON-RADICAL REACTIONS
Reported by H. Babad April 21, 1958
INTRODUCTION
The investigation of rates and equilibria as functions of
pressure is a tool which promises to shed much light on the nature
of the transition state in chemical reactions. The earliest work
in this field was carried out by M. W. Perrin and co-workers (l,8)
in 3 938. Upon investigation of the. change in the Arrhenius
parameters with pressure (K = Ae~ / K1 ) Perrin discovered three
types cf behavior. Perrin found that normal SJ2 reactions by
anions showed a small increase in rate with a large increase in
pressure. Unimolecular decompositions of quaternary ammonium
salts were decreased by an increase in pressure, while the reverse
reaction, that of the formation of quaternary ammonium salts (so
called slow reactions) showed a very large increase in rate as the
pressure increased. These reactions are exemplified by the follow'
ing equations
.
(1) CICH2CO2
+
+ OH (normal SJ2)> HOCH2C02 + CI
(2) 0CH2 (0)NCH2CH=CH2 (CH3 ) I" -> CH2=CHCH2 I + 0CH2 (0)NCH3
JL
(3) Et3N + Mel > Et3 NMe l" (Menschutkin Reaction)
It was not until 15 years later that this phenomenon was
again investigated, and some attempt at explanation and generalization
was made
.
THEORETICAL BACKGROUND
In 1953 Hamann and Buchanan investigated Perrin f s reactions (2)
and found that they could be generalized and extended to cover most
non-radical reactions in organic chemistry by considering the nature
of the changes in ionic charge between the starting materials and
the transition state. The following table will illustrate this
extension of the observations of Perrin (3).
Pressure
Effect
(I) Large
increase
(II) Small
increase
(III) decreases
Table I
Reaction Type
Menschutkin Reaction
Dark Olefin Halogenation
Solvolysis Reactions
Ionization of Weak electrolytes
Redox Reactions
Negative ion substitutions
Ammonium Decornnositions
Urea Formation" (NH4 + + NCO~)
(Charge)
increases
No change
decreases
The Perrin classification became out-moded and invalid when
it was found that there was pressure -caused retardation of a reaction
which was a bimolecular reaction. From the above table we see that
if there is an increase in the amount of charge (positive Az+)appearing
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between the starting material and the transition state, the reaction
is greatly accelerated by pressure. Conversely, charge neutralization
or disappearance (negative Az^) retards the reaction with respect to a
pressure increase on tne system. K. J. Laidler and co-workers (4)
applied the van't Hoff equation (d In K/dp = -AV/RT) to reactions
run at high pressures and found a correlation between volume changes
in the reaction and changes in ionic charge, as discussed in the
previous section. Their major assumption was that the rate of any
reaction depends only on conditions found in the activated complex,
thus enabling one to use the van't Hoff equation for both rate and
equilibrium studies. From the preceeding discussion, the problem of
the effect of pressure on rates and equilibria reduces to one of
understanding the volume changes in the overall reaction or
activation process. The effects which must be considered are changes
in volume and structure of the molecules reacting (molecular
deformation under pressure) and the changes in volume due to packing
of the adjacent solvent molecules . For reactions involving polarity
changes, the latter effect predominates. Hamann, et al., (2,3) and
Burris and Laidler (5) showed that for reactions of widely differing
ionic types the volumes of activation (Av^) are primarily determined
by the influence of changes in polarity in (Az+) the reaction system
on the surrounding solvent molecules.
This is the so-called electrostriction theory, which in brief
states that when ions of the same sign come together, or when two
neutral molecules unite to form a polar substance, there will be
contraction of the system due to the increased binding of solvent
molecules. Conversely, if the electric field is weakened during the
reaction by charge distribution, splitting or neutralization, there
will be a release of bonded solvent and a consequent expansion of
the reaction system. From the van't Hoff equation it can be readily
seen that contraction (negative Av^) causes an increase in the, reaction
rate with pressure, and, conversely, an expansion (positiveAv+") will
cause a decrease in the reaction rate. Laidler and co-workers have
correlated the values for the volumes of activation and reaction with
the charge on the complex for a few types of reactions, and their
results for monatomic ions and oxy-anions (SOj, NO3) in aqueous
solution are discussed below.
The partial molal volume (ml. /mole) for monatomic ions was
empirically found to be
V, = 16 + 4.9r3 - 20 | z| for monatomic cations
V_ = 4 + 4.9r3 - 20 \ z| for monatomic anions
V_ = 59 + 0.9R3 - 20 I z\ for oxy-anions
o
r = crystallographic radius of ion in A
z = change of the ionic species
Az = the change in valence between the product or transition
state and the starting material
R = ,25n(ri 9 +1.4) where n is number of charge bearing
ligands (oxygen in this case) and ri_2 is the
crystallographic bond distance between the center
of the oxygen atom and the center of the central atom.
1.4 is the Van der Waal's radius of oxygen so R3 term
represents the intrinsic volume of the sphere which
circumscribes the oxy -anion.
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From the preceeding equations one can calculate the changes in
volume between the products and starting materials for some reactions,
and as the volume of activation (AV+) is somewhere between these two
volumes we have a method of approximating some volumes of activation.
This gives us a means of comparing the actual charge density on the
transition state, as expressed by experimentally obtained values for
the volume of activation, with values calculated from Laidler's
empirical equations for hypothetical transition states. It should
be noticed that there is a linear dependence of volume on the ionic
charge of the species involved in the reaction and that the z term
in Laidler's equation (electros triction term) is much larger than the
r
3 term (intrinsic volume of the ion) . When the total change in
charge of a reaction is zero the changes in volume may be expected to
be small, reflecting only changes in the ionic radius of the species
involved. This is the sort of phenomenon observed when all the
particles in a reaction have the same sign. A negative change in
charge means that a reaction has been accompanied by charge
neutralization, so Av^ is positive and the rate or equilibrium con-
stant decreases. Conversely, for a positive change in charge the
rate or equilibrium constant increases. Entropy changes have been
empirically related to the square of the change in charge (4).
Comparison.of the values of the . change in .molecular volume for
the reaction Ti + 2Fe = Ti + 2Fe shows a 10$ differ-
ence between the theoretical values and those observed experimentally.
Az = 0, and Av = -8.9 ml. /mole are the values calculated for this
reaction.
When neutralization occurs, much larger volume __changes occur,
as can be seen when we examine the reaction of HC03~ ^— H + C03=
in which AV = -27.8 ml. /mole; at 1000 atm. the equilibrium constant
increases by a factor of 3-12.
Volumes of Activation
Given the reaction Az + BZ -—
^
(X z z ) , two types of
reactions are found. ^~
1) The charge change is zero resulting in a small volume change;
Examples
:
C1CH2C02 ~ + OH" -> H0CH2C02
""
+ Cl" (4)
BrCH2C02 ~ + S 2 3
=
> S2 3CH2C02
=
+ Br" (4)
The volumes of activation at 25°C are -6.1 and -4.8 ml. /mole,
respectively, and the entropies are -11.6 and -17.0 cal./mole °C,
which are in close agreement with the values calculated from the
empirical relationships of Laidler. A simple view of these
reactions is :
-
H0^--V--Clji_ H0^--b^—Cl*
| z 2 j z = 3
C02 C02
I. II.
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The fact that AV+ is negative suggests some contribution by a
transition state in which the total absolute charge of the complex is
some -what greater than -2 and might be something like structure
(il) since such a structure would be expected to bind solvent to a
greater extent, thus giving a negative AV+.
2) The valency change is either positive or negative resulting
In a large volume change, as in reactions where charge is
either gained or lost in the transition state.
Examples
:
++
Co(NHa) sOH
++
CoCNHsJsBr'"
1
" + OH
AV = +8.4 ml, /mole, As = 21.7 cal./mole °C.
+
Et3 N + Mel > Et3 N-Me I"
Br
AV -16.5 ml. /mole, As' -32.5 cal./mole °C.
For the first reaction above the positive values for the volume and
entropy of activation are due to partial charge neutralization in
the transition state.
Temperature Dependence of Volume Changes
The relationship between entropy and pressure $AS /^p - _^av /dT
can be found in any elementary book on thermodynamics, and when data
obtained by measuring reaction rates at various temperatures
(solving the Arrhenius Equation for the A and E parameters) are
used in conjunction with this, it becomes possible to calculate the
temperature coefficient of volumes (coefficient of expansion of the
transition state) for many reactions. Though no data in the
literature have been presented for equilibrium reactions, Pajans
and Johnson (6) have presented and discussed temperature
coefficients for partial molal volumes of individual ions in
aqueous solution and have found that there is a nearly linear
relationship between the temperature coefficients and the volume
itself. This implies that electrostriction effects play a very
important part in connection with ionic volumes. An ion with a
large volume tends to be one on which water molecules are loosely
bound, and the temperature coefficient of weakly held water will be
similar to that of unbound water. However, if xvater molecules are
strongly bound, they will not be as much disturbed by a rise in
temperature; in this case there will be low volumes and low
temperature coefficients.
This correlation between temperature coefficient and volume can-
not be expected to be very close for various reasons. One of these
is the fact that a low volume may arise from the strong binding of
a small number of water molecules or from the weak binding of many.
In the former case there will be a correlation between temperature
coefficient and volume, while in the latter the temperature
coefficient may be quite high. It will be shown later that there
are several cases in which it seems that the activated complex
bears a smeared charge which tends to bind a number of solvent
molecules in a relatively loose manner.
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As far as rates are concerned, there are several reactions for
which suitable data are available (Table II). When one plots the
entropies of activation for these reactions against pressure, there
is a fairly linear dependence of AS* on pressure. From the slopes
of these lines the temperature coefficients of the volumes of
activation can be obtained, and these are listed in Table II.
Another interesting relationship can be observed if the values of
TAS* obtained at various pressures are plotted against the
corresponding energies (heats) of activation; the dependence is
found to be linear at high pressures, and surprisingly, the slope
is unity. This result means that the influence of pressure on the
free energy of activation at high pressures is much less than that
on its component parts. In other words, there is an almost complete
compensation between changes in AH* and As**" as the pressure changes.
Such compensation had been noticed before, although not when pressure
was a variable (7).
Since such compensation effects are found in equilibrium studies
as well as rate studies, it is clear that they are not to be
explained in terms of the nature of the collisions during the course
of the reaction. The most plausible explanation seems to be in terms
of the effects of changes in polarity of the reaction system on the
behavior of the neighboring solvent molecules. Factors that tend to
increase the binding of solvent molecules during the course of.the
reaction (or activation process) .bring about a decrease in TAS"f
and at the same time decrease AH*, and as a rule there seems to be
very close compensation between the two factors. As a result solvent
effects of this kind frequently escape notice, particularly when
reactions are studied at one temperature.
Turning now to
ficients in Table II
for the coefficient
positive. Reaction
they involve signifi
complexes are formed
The solvent is more
initial state so it
expansion for the ac
consider the values of the temperature coef-
,
we observe that for reactions 1-3 the values
are negative and for reactions 6-8 they are
1-3 are all of the same general type, in that
cant increases in polarity as the activated ,
as revealed by negative values for Ay1**, and As*,
tightly bound in the activated state than in the
is not difficult to see why the coefficient of
tivated state is less than for the initial state.
Table II TEMPERATURE COEFFICIENTS OF VOLUMES OF ACTIVATION
Reaction
1) 0to + EtI = ammonium
salt
2) t-butyl-Cl = CI" +
t -butyl carbonium ion
3) 0CC1 3 = 0CC1 2
+
+ CI"
4) EtO~ + EtI = EtOEt
+ I"
5) BrCH2C02CH3 + S 2 3
=
= S 2 3 CH2C02CH3 ~ + Br"
6) CH3 (C3 H5 )0NCH2 Br" =
CHs(^CH2 )Np + C3 H5Br
7) C1CH2C02 " + OH" =
HOCH2C02 " + Cl~
8) N:N-dimethyl, o-tolui-
dine + Mel = ammonium sal
Solvent
acetone
Sofo EtOH
Sofo EtOH
Qofo EtOH
80$ EtOH
CHC1 3
H2
MeOH
t acetone
t°C.
25.0°
35.0°
35.0°
35.0°
35.0°
25.0°
25.0°
40.0°
40.0°
+ ± SAvjyST =
AS* Avf oASVBp ref
-35.4 -15.8 -.037 (8)
+35 .1 -23 .
+35.0 -14.0
- 5.7 - 4.1
- 5.9 + 3.2
210
314
(2)
(2)
(9)
(9)
+14.9 + 3.3 +.032 (1,10)
-11.6 - 6.1 +.008 (l)
-18.7 -26.7 +.031 (4,9)
-36.0 -10.2 --- (11)
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In reactions 4 and 5 we have two reactions in which there is very-
little ionic charge formation or neutralization when the activated
complex is formed, but the values for the volumes of activation have
opposite signs. Upon careful examination of these reactions certain
structural differences become apparent, the most important being the
splitting of the double charge in the thiosulfate reaction with
methyl -a-bromoacetate, which would lead to an overall weakening of
the electrical field in the activated state and cause release of
solvent molecules . In the reaction of ethoxide ion with ethyl iodide,
the contribution by the greater ionization of the C-I bond (as
compared to the C-Br ionization in methyl -a-bromoacetate) may result
in the development of greater total absolute charge , in the transition
state for this reaction, resulting in a negative AV* due to increased
binding of solvent. In the light of this evidence it is not
surprising that the thiosulfate reaction has a positive volume of
activation while the volume of activation for the ethyl iodide
reaction is negative. More will be said concerning the effects of
structural characteristics upon the volumes of activation in a later
part of this seminar.
The polarity of the system is decreased in reaction 6 and
consequently there is a decrease in the degree of bonding, so there
is a higher coefficient of expansion for the activated state than
for the initial state.
Some ambiguity arises when one tries to explain reaction 7 in
terms of correlations between volumes of activation and temperature
coefficients. As was discussed previously, a low volume of activation
may arise from the weak binding of a large number of solvent molecules,
as would be the case where the charge is smeared over a large area,
rather than being concentrated in a small one. It is possible that
the transition state in this case resembles structure II as presented
earlier in that the absolute charge on the transition state is closer
to 3 than to 2 which would have been ordinarily predicted. This is
evidence in favor of the hypothesis that even in SJ2 reactions the
central carbon atom has somewhat of a carbonium ion nature in the
transition state. Owing to the smearing of charge ^ however, none of
the solvent molecules will be bound as strongly in the transition
state as in the initial state, and thus the temperature coefficient
will be positive.
In reaction 8 we have a case of a sterically hindered amine being
used in a Menschutkin reaction in both methanol (4,9) and acetone
(ll). Weale found no indication that pressures up to 3>000 atm.
alleviated steric retardation of the rate of reaction with methyl
iodide. It was found that the Arrhenius parameters for this reaction
were affected by pressure, in a manner similar to the way these
parameters varied for the unhindered Menschutkin reactions. The
acceleration of the hindered reaction in acetone was thought to be
due to ionic polarization effects, causing electrostriction of the
solvent molecules. When the reaction was carried out in methanol,
it was found that the trend in ArT was reversed, becoming more
positive. The overall picture at first glance seemed similar for
both solvents, namely, that the ortho methyl group screened the
solvent molecules. Since there is a charge produced in the transition
state, there will be more bonding to solvent in the transition state
than in the initial state (Av^ = -26.6 ml. /mole). Laidler's (4)
explanation of the positive temperature coefficient of the volume of
activation for the reaction in methanol solvent was that due to
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screening effects the molecules are not as strongly bound in the
shielded transition state relative to the initial state as in para
substituted compounds. This interpretation gains support from the
fact that it has been shown that the entropies of activation for
ortho substituted compounds are approximately 5-52 times higher
than those for para substituted compounds (13).
S. D. Hamann and W. Straus (12) felt that it would be more
profitable to usa a bulk model for solvation rather than Laidler's
molecular one for predicting the effects of pressure on a reaction
in various solvents. These authors felt that the change in trend
of AH values for the sterically hindered Menschutkin reaction in
methanol could be adequately explained and predicted by utilizing
the macroscopic theory of solvation in two solvents. , On this,
basis an attempt was made to predict the way AF , AH*, and As* might
change with pressure and solvent using cesium iodide as a model and
allowing for the changes in bulk dielectric constants with tempera-
ture and pressure. The solvation functions were taken as the
differences in AF, AH, and As of solution with pressure, which
Hamann and Strauss attributed to an increase in the degree of sol-
vation. Their results are listed in Table III below.
Table III
Solvation functions for Cs I
Solvent If J
H2 AF
AH
TAS
MeOH AF
AH
TAS
EtOH AF
AH
TAS
acetone AF
AH
TAS
pressure . . .
.
2,000 4,000 6,000 atm
-1.2
-0.7
+0.5
-1.7
-0.1
+1.6
-2.0
+0.2
+2.2
-2.4
+1.2
+5.6
-2.2
-1.2
+1.0
-2.9
-0.3
+2.6
-3.4
+0.1
+3.5
-3.9
+1.4
+5.3
-3.1
-1.3
+1.8
-4.0
-0.6
+3.5
-4.4
+0.1
+4.5
-5.0
+1.4
+6.4
f
f
It will be seen that the trend in AH inverts between methanol
and acetone although there is little change in the general behavior
of AF. The results for the Menschutkin reactions showed an increase
in this function with pressure in acetone, but a decrease in methanol,
while the acceleration (-AF ) should be greater in acetone than in
methanol. Weale's work confirmed this (ll).
LIQUID PHASE REACTIONS AT HIGH PRESSURES
The usefulness of high pressure work for the investigation
of reaction mechanisms can be illustrated by the work of R. T.
Harris and K. E. Weale (l4), who studied the following isomerizations
and molecular rearrangements at several temperatures and pressures
up to 5*000 atmospheres.
I. Isomerization of maleic tQ fumaric acid in aqueous solution
as catalyzed by KCNS . &V* = -5.44 ml./mole
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II. Diethyl maleate isomerization to diethyl fumarate in acetone
as catalyzed by diethylamine Av* = -22 to -12 ml. /mole
III. Rearrangement of N-chloroacetanilide to ortho- and para-
chloroacetanilide as catalyzed oy HC1 in aqueous solution.
AV* = +7.2 to 1.0 ml. /mole
IV. Rearrangement of a-phenallyl alcohol with an^HCl catalyst to
cinnamyl alcohol in aqueous dioxane . Av^ = -6.0 to 1.0 ml. /mole.
Analysis of Data
Reaction (ill), the rearrangment of N-chloroacetanilide resembles
the reaction of ammonium bromides to give a halide and a tertiary
amine in that there is a decrease in polarity as one approaches the
transition state. The rate determining step in this rearrangement
has been shown to be (15) . . .
.
0-NHC1 CI
Ac
jZf-NHAc + CI;
followed by
chlorination. In view of this, it is not surprising to find the
reaction retarded by pressure even though there is no net gain or
loss of charge in the overall reaction.
Reaction (iv) The decomposition of a-phenallyl alcohol doesn't
involve the appearance or disappearance of charge according to the
mechanism proposed by Braude, et al. (l6).
0-CH-CH=CH2
6H
H AV
0-CH-CH=CH2
rG>
£H $
0-CH=CH-CH2OH f- 0-CH=CH-CH2OH2 f- 0-CH
VCH2
H2
Small changes that appear seem to be due primarily to differences in
ionic charge distribution, or in part to an increase in catalyst
concentration caused by the compression of the solvent, which was
not corrected for.
Reaction (i) The mechanism advanced for the KCNS isomerization
of maleic acid by Nozaki and Ogg (17) postulated the addition of
a proton to a carbonyl oxygen in the acid molecule and the approach
of the CNS anion at a more remote point. The resulting weakening of
the double bond enables isomerization to occur.
OH
+
H----0
X0H
CNS v
Protons for the first step are derived from the ionization of other
acid molecules, and the change in rate observed is due primarily to
the increased proton concentration caused by a pressure induced shift
in the ionization constant of the weak acid.
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Reaction (il) The other cis -trans isomerization was established
to be second order with respect to the amine by Nozaki and Ogg (l?)
who confirmed the absence of catalysis by tertiary amines. The tran-
sition state for this isomerization is postulated as (ill) in which
molecules of the amine complex the ethyl maleate, causing a weakening
of the double bond and subsequent isomerization. This involves the
Et 2NH^— (\ xOEt
^C—CH^CH—
C
(III)
EtO ^— NHEt 2
appearance of partial or whole ionic charge in the molecule, and in
accordance with the electrostriction theory acceleration by pressure
should be observed and this acceleration should be greater than for
the CNS~ catalyzed isomerization and in the order of the Mens chutkin
reaction. This is confirmed by the observation of Weale and co-
workers (l4)
.
OTHER REACTIONS AT HIGH PRESSURES
Weale and co-workers (ll) found that there was no alleviation
of steric hindrance at pressures up to 3,000 atmospheres in either
the hindered Mens chutkin reaction or the reaction of neopentyl
chloride with NaOEt in dry EtOH, and the literature contains no
examples proving that bond angles were deformed under high pressures
to reduce steric hindrance.
S. D. Hamann and D. R. Teplizky (l8) have shown that the
mechanism proposed for dark olefin halogenation in polar solvents
is consistent with data obtained in high pressure studies. The
mechanism postulates the slow addition of a positive haiide ion to
the olefin as the rate determining step, followed by the rapid
addition of the anion (19). Since the transition state is more polar
than the initial state, the reaction will be accelerated by pressure.
The addition of bromine to trans -stilbene in methanol and the
addition of iodine to allyl alcohol in both water (in presence of Kl)
and nitomethane were carried out at 0°C and pressures up to 3,000
atmospheres . After corrections were made for the retardation
effects due to the formation of the trihalide ions (X3 ) during the
course of the reaction, the rates were found to have been increased
by a factor of 6.5 for the bromination of trans -stilbene and a
factor of 9 for the iodination of allyl alcohol at 3,000 atmospheres.
The effects of structure on the Mens chutkin reaction were
experimentally determined for the reaction of Mel, EtI and EtBr with
dimethylaniline. The trend observed upon changing the halogen atom
in the alkyl haiide is in agreement with the results obtained for
the relative rates of solvolysis of ethyl halides in compressed
methanol., as shown in Table IV below. These effects are consistent
with the electrostriction theory since iodide is a large ion having
its charge distributed over a larger area, so there is less solvation
energy and thus a smaller pressure effect.
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Table IV
Reactivities of Alkyl Halides at High Pressures
Reaction Solvent Temperature K3
,
OOO/Ki K15 ,000/K,
EtCl so lvolysis
EtBr solvolysis
EtI solvolysis
Py. + C4H9Br
Py. + C4H9I
(CH3) 2N0 + EtBr
(CHaJsNjZf + EtI
MeOH
MeOH
MeOH
acetone
acetone
MeOH
MeOH
65°C
65°C
65°C
60°C
6o°C
25°C
25°C
7.9
5A
4.7
8.3
6.5
13.7
11.9
136
60
19
480
420
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
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S0LV0LYSIS IN NON-POLAR SOLVENTS
Reported by J. W. Hausser April 24, 1958
INTRODUCTION
The SN1 or "limiting" mechanism for nucleophilic substitution
involves a rate determining ionization and a subsequent rapid com-
bination with the Nucleophile (l). The S„2 or "nucleophilic"
mechanism is a bimolecular, single-step substitution with attack by
the nucleophile and removal of . the leaving group occurring simul-
taneously. It was known that solvolysis reactions in less-polar
solvents exhibited a kinetic dependence on the nucleophile of varying
orders greater than one (2).
In 1947, C. G. Swain (5) reported a study of the solvolysis of
trityl halides by methanol in benzene solution in which the reaction
was third order, first order in trityl halide and second order in
methanol. This exact third-order dependence led him to propose a
single termolecular or "push-pull" mechanism to account for this
reaction and for all nucleophilic substitutions. This mechanism re-
quires both a nucleophile (N) and an electrophile (E) in the
transition state for the nucleophilic displacement on an alkyl halide
(RX). The transition state would look like I.
N - - ->R-X - - ->E
I
Considerable controversy appeared in the literature following
Swain's original article. This seminar will be primarily concerned
with the work of C. G. Swain and co-workers and C. K. Ingold and
co-workers on the solvolysis of trityl halides in benzene solution.
Original Work of Swain on the Methanolysis of Trityl Chloride .
Swain [3 } chose the solvolysis of trityl chloride by methanol in
benzene, solution as the starting point for his investigation. The
trityl chloride concentration was 0.1 molar, and the methanol con-
centration was varied in the range of 0.05 to 0.1 molar. A tertiary
amine was used to remove the hydrogen chloride as it was formed and
render the reaction irreversible. The amines were shown to react
only very slowly with the trityl chloride, and they were reported
not to affect the rats, of solvolysis. At 25° the solvolysis was re-
ported to have a first order dependence on trityl chloride and a
second order dependence on methanol.
The rate of solvolysis by phenol under the same reaction con-
ditions was l/50th that of methanol solvolysis, but the reaction was
still supposedly third order. An inverse order in amine was ex-
plained by the lowering of the effective phenol concentration due to
hydrogen bonding. A mixture of phenol and methanol was reported to
"give a third order rate constant seven times as
,
great as the solvoyl-
sis by methanol alone. The reaction was first order in methanol,
phenol and trityl chloride. - The initial rapid reaction was methanoly-
sis, and only when the methanol was used up did the phenol act as a
nucleophile in the much slower reaction. A rate increase by a factor
of twenty was reported when methanol and £-nitrophenol were used.
Further study of the reaction indicated that there was no mass -law
effect and the salt effect was negligible (4).
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Swain interpreted the exact third order kinetics as evidence
for the existence of a termolecular mechanism operative in this
reaction. The transition state for the methanolysis of trityl
chloride would be II.
CH3 CH3
:0 :---C----Cl---H-O
t
H $0
II
In the mixed methanol and phenol solvolysis, since methanol is
the better nucleophile and phenol is the better electrophile, the
methanol was supposed to act exclusively as the nucleophile and the
phenol to act exclusively as the electrophile. Further, since jd-
nitrophenol is a stronger electrophile than phenol, the rate in-
crease was to be expected. The transition state for the mixed sol-
volysis would involve one molecule each of phenol, methanol and
trityl chloride (III).
CH3
:0:—Ci-—C1---H-0,
H
III
A three -bodied collision or two successive two-bodied collisions
are indistinguishable by kinetic methods. However, their bearing on
mechanism is trivial.
An alternative mechanism that was ruled out by Swain (4) in-
volved a rapid initial ionization of trityl chloride assisted by
methanol followed by a rate determining nucleophilic attack by
another methanol molecule.
3CC1 + H0CH3
faSt
> 03^ + 9C1H0CH3 £^U 03 .n * -^S 3COCH3
Very fast tH3Uil H
This mechanism was excluded on the basis that there was no salt
effect or mass-law effect with added quaternary chlorides and
sulfonates
.
The solvolysis of trityl chloride would be expected to proceed
by an S^l mechanism, whereas the reaction of methyl bromide with
pyridine would be expected to go by an SN2 mechanism. For the latter
case Swain (5) also reported third order kinetics. From this he con-
cluded that there is only one mechanism operative, and the degree of
solvent participation determines the kinetic order.
The application of the Hammett equation to substituent effects
indicated that there was a spread of fi values for nucleophilic dis-
placements (6). A pure S«l mechanism should have a large negative
-^-value, whereas a pure S>,2 mechanism should have a zero -"^-value.
Since the /"-values for various nucleophilic displacements cannot be
grouped into these categories but are spread out, Swain accepted this
as evidence supporting a single termolecular mechanism.
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Original Work by Swain on Azide Exchange . Swain (7) looked
into the anion exchange of trityl chloride with several quaternary
ammonium salts. Radiochloride salts and fluoride salts were re-
ported to exchange with trityl chloride with first-order kinetics,
the reaction being first order in trityl chloride and zero order in
salt. The kinetic order increased to two on the addition of phenol,
first order in trityl chloride and first order in phenol.
The azide exchange was reported to be first order in trityl
chloride and first order in azide salt. The addition of phenol in-
creased the order to three, with a first order dependence on phenol.
Experimental Disagreement Between Swain's and Ingold's Work .
It appeared as though Swain had found a system that was unique, in
that it was exactly third order as compared to the variable orders
reported earlier (2). Swain attempted to extend his termolecular
mechanism from the non-polar solvent benzene to encompass a large
scope of reactions in polar solvents. Ingold (8), who had studied
the solvolysis of trityl halides in nitromethane, felt that such an
extension was unjustified. In addition, he argued that third-order
kinetics would be observed for both S^l and SM2 reactions if there
was a large co-solvent effect in the presence of small amounts of
reagent. The questioning of Swain's interpretation led Ingold into
a study of the solvolysis by methanol in benzene, and he found con-
siderable disagreement between his results and the data Swain had
published.
The first objection was to Swain's use of tertiary amines to
remove the hydrogen chloride from the reaction. Ingold (9) reported
that tertiary amines and, in particular, pyridine react more rapidly
with trityl chloride than does methanol. He has not yet presented
any evidence to substantiate this. He proposes that the pyridine
reacts reversibly with the trityl halide to form a less reactive
species and thereby slows down the rate of methanolysis. If the
hydrogen chloride is not removed the reaction does not go to com-
pletion, so only the initial phase of the reaction could be considered
An attempt was made to correct for catalysis by hydrogen chloride
by considering reactions with known amounts of hydrogen chloride
present.. The validity of Ingold's kinetic treatment will be con-
sidered later in addition to the question of the effect of the
pyridine on the reaction. Tables I, II, III and IV list the
observations of Swain and Ingold on four nucleophilic displacements
in non-polar solvents.
It is readily seen that there are large discrepancies between
the data of Ingold and Swain. These are largely due to differences
in experimental techniques, and we will consider the interpretation
of the data independently.
Interpretation of Ingold's Results . To explain the overall
first-order reaction of trityl chloride with various nucleophiles,
Ingold (10) considered the possibility of an initial rate -determining
formation of an ion pair and subsequent rapid steps leading to prouct.
3CX
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In addition to having other shortcomings as pointed out by Swain (ll),
this mechanism violates the principle of microscopic reversibility.
However, in further considerations in this same paper (10), Ingold
revises his own mechanism to avoid this difficulty.
The major problem is one of explaining the reported zero order
salt dependence since different salts have different rates of re-
action. There is an apparent dependence on the nature of the salt
and not on the concentration. Ingold proposed a mechanism ''on the
particular basis that SN1 substitutions in benzene involve two slow,
jointly rate-controlling steps" (10). The mechanism proposed for
the salt exchange is the following:
slow fast m x slow ffi Q v fast fast
*k— *TE c^xe I <1 tQ C1 ) *E *k
-1 -2 -3 -4 -5
fast fast slow fast slow
The mechanism for alccholysis is similar.
slow fast m Q slow ffi9 \ fast Q fast
BCi Jfil-j R®C1e J<S- ;R,Cl
9(_Ji^, R®0R> _k^ R»» _x^.
<^ *S i R 0HJ *TE I
HC1
J *k *F—
-1
-2 -3 -4 -5
fast fast slow fast slow
ROR
Steps one and three are jointly rate-controlling according to Ingold
and step two is a rapid product-determining step. The initial step
is a slow dissociation into an ion pair, the second step is a rapid
association of dipoles, and the third step is a slow quadrupole re-
arrangement. Ingold thought that these mechanisms explained the
kinetics; however, he did not determine the rate expression from the
mechanisms
.
The explanation of the various catalytic effects is difficult.
The selective catalytic effect of perchlorate salts in the alcoholy^
sis can be explained only in a qualitative way by considering
solvation in the transition state. Retardation by chloride salts
seems to be inexplainable if the reaction involves only ion pairs.
Besides these apparent difficulties, there is other evidence
that maizes this mechanism invalid. A steady-state treatment of the
mechanism gave a rate expression of the following form:
rate . . algal ,dc
kik2k3k4k 5 [RCl][Q®XQ ]- k k k k k [RX][Q®C19 ]
-1 -2 ~3 ~4 "5
k2k3k4k5 [Q
@
X
9 ]+k k k4k5+k k k4k5+kik k k5+k k k k [Q®C1 9 ]
"I ~3 -1 "2 ~2 ~3 "I "2 -3 ~4
If it is assumed that ki, k3 , k and k are small and the other
-3 ~5
rate constants large, and if the initial concentration of products,
RX and QC1, is zero, the last term in the numerator and three terms
in the denominator may be neglected. This leaves an expression of
the form
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d[R.Cl] kik2k 3k4k5 [RC1 ] [Q
@
X°3
dt = k2k3k4l:5L5^xyj + k: k k4k 5
-1 -2
If the first term in the denominator is dominant, the rate
becomes first order in RC1, and there is no possible way of ex-
plaining the dependence on the nature of the salt. If the last term
in the denominator is dominant, which is more likely the case, the
rate is second order, which was not reported. When appropriate
activity coefficients are used in the rate expression (11) there
is still no reasonable explanation that is compatible with the re-
ported observations. For these reasons this mechanism is ruled out
for the interpretation of Ingold's data.
Swain has considered other mechanistic schemes to account for
Ingold's data. The possibility exists of having two successively
formed intermediates which are both ion pairs, but which have
different bonding natures (15) • Since the azide exchange is more
rapid than the chloride exchange, it is postulated that the azide can
react with either intermediate, and the radiochloride can only re-
act with the second intermediate. This fulfills the kinetic require-
ments.
slow k2
RC1 ki > -j-very slow, TT very fast
1 ' fast QeCl 36&
fast k - e ^
ery fast
II 1
fast
j
very slow
X'
fast
> RC1 36
^
slow
The rate -determining step for this mechanism is the second step. The
rate expression would be the following:
d[RCl] k!k2 [RCl]
" dT = k + k
-1 "2
The mechanism and rate expression for azide exchange may be written
as the following:
slow 0®N 3
9
RC1 ^t=± I r
ry
~B RN3k very slow
_1 kfast K - 2
-fllg^l. MRC1]
The complex salt effects and mass-law effect in the anion ex-
change still remain unexplained. If the data are correct, a more
compatible mechanism is still desired.
Differences in Experimental Technique . The experimental
techniques of Ingcld must be critically examined. Swain (ll) points
out that a possible source of error in Ingold's procedure lies in the
purity of the reagents. The observed zero-order dependence on the
nucleuphile could be explained by the presence of small traces of
water in the reaction medium. The method of analysis was the titra-
tion of hydrogen chloride liberated. At low concentrations of the
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nucleophile it is possible that the water reacts more rapidly to
form the carbinol and liberates hydrogen chloride. If the same
amount of "wet" reagent was used in each case, one would observe the
solvolysis by water and in this way a zero-order dependence on added
nucleophile. This is a possibility; however, there are more serious
difficulties present.
The major difficulty in the experimental procedure is caused
by the presence of hydrogen chloride. Hydrogen chloride is a^very
strong electrophile, and it is known that the triple ion HCI2 is
stable in benzene solution (lo). Thus the hydrogen chloride present
should have a large catalytic effect, and it should reverse the re-
action. Ingold was satisfied that he had corrected for these two
effects by first, considering only the initial rate of the reaction
and second, correcting for the catalysis by considering the rates of
reactions with known amounts of hydrogen chloride. Whether or not
these corrections make the data valid is questionable. The best way
around this situation is to use a tertiary amine to remove the
hydrogen chloride as it is formed. Ingold objected to this on the
basis that tertiary amine reacted more rapidly than did methanol (9).
Since then Swain (11 ) has shown that there is no reaction between the
amine and trityl chloride under the experimental conditions. Equi-
molar quantities of pyridine and trityl chloride were dissolved in
benzene, and the infrared spectrum of the solution was observed over
a 24 hour period. There was no change in the spectrum. At the end
of this time, a quantitative recovery of trityl chloride was possible.
This eliminates the possibility of reaction and lends weight to the
experimental work of Swain.
The method of analysis used by Swain in this earlier work was
titration for hydrogen chloride. Now he has a much more accurate
and reliable method of analysis. Tritium-labeled methanol is used
in the solvolysis, and by a tracer technique the amount of unreacted
methanol can be determined. Thus, even at very low concentrations
there is no question about what is being measured.
The Recent Work of Swain . In his most recent paper (11), Swain
has extended the concentration ranges. From this it is obvious that
his early data led to a distorted picture of the kinetics. The
"exact third-order" kinetics was just a small range in a varying
kinetic order. Unlike Ingold 's, however, the order varied from
second order at low methanol concentrations (first order in both
methanol and trityl chloride) to third and higher orders at higher
concentrations. There was a range reported between 10~ 3 molar and
5 x 10 7 molar in which the order in methanol was one
.
These recent data of Swain are readily interpreted. The first
order dependence on methanol and trityl chloride is in agreement
with the following mechanism:
k-
k
-1
CH3
$
slow H
RC1 glow» R$C1© k ^ R _ /@ C1 fast R0CH3 + R , 3NHC1grgi Lh3Urt \ it 31M
The steady state treatment of this mechanism gives a rate expression
of the form
d[RCl] = teikaCRClltCHaOHl m k x k 2 rpr, UnTT nTTl
dt~~ k + k [CH3OH] = k L RC1JLCH30HJ
n
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Nucleophilic displacement by salts can be represented by thefollowing mechanism and rate expression:
slow
*k k2
A
fast
-i very fast
fast
_
djRClJ kik2 [RClUQ.Vl *.
,
- _
dT - k_ + ka[QX] = kl[RC1 ^
A study of the deuterium isotope effect clarifies the role ofmethanol in solvolysis at higher concentration. Deuterated methanolwould be a much weaker electrophile, but the nucleophilic propertiesof such a molecule would not be significantly affected. When 'deuterated methanol is used at concentrations that would normallygive a high order dependence in methanol, the order is reduced toapproximately one. This means the methanol is acting as anelectrophile, catalyzing the solvolysis reaction.
^ il
h
t
r^nt . e:*Per,imental work by Swain (11) is the most reliableand is readily interpreted. The data of Ingold are questionable?The original interpretation by Swain (3) of his early data in termsof a termolecular mechanism is invalidated by this recent work since
j22Lirde£ 1S nSJ exactly th^d, but increases continuously from****rst order. This system may be interpreted as a nucleophilic dis-placement in which the nucleophile also has a catalytic effect.
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THE MECHANISM OF AMINOMETHYLATION REACTIONS
Reported by J. Diekmann April 23, 1958
INTRODUCTION
The reaction between formaldehyde, a nontertiary amine, and an
acidic compound is commonly known as the Mannich reaction. A more
descriptive name for this type of change is aminomethyla.tion. The
synthetic aspects of the chemistry of Mannich bases have been
reviewed elsewhere (1). Examples of alkylation with such bases are
to be found in the work of Snyder and Hellmann (2,3). Mannich bases
may also be intermediates in biogenesis (4). This seminar will
review the work done to elucidate the mechanism of aminomethylation
reactions
.
THEORETICAL CONSIDERATIONS
Aminomethylation can be represented as follows:
Z-H + H 2C=0 + H-Nx — > Z-CH 2NR
R
acidic component amine Mannich base
In practice, the amine hydrochloride is frequently used and the
Mannich base is then also isolated as the hydrochloride salt.
Two nucleophilic compounds, the acidic component Z-H and the
amine, compete for the available formaldehyde (electrophile) . It is
to be expected that the one with the higher nucleophilic potential
will react with formaldehyde first. Depending upon the nucleophili-
city we would therefore expect either ZCH2OH or R2NCH2OH to be formed.
Mannich assumed R2NCH2OH to be an intermediate, since he found that
the pH of the solution was lowered appreciably when he mixed an
amine hydrochloride with formaldehyde and Z-H (5). He never
attempted to find out more about the mechanism, however.
The first workers to test this hypothesis were Bodendorf and
Koralexvski (6). They decided to employ antipyrine and cyclohexanone
as acidic components, and dimethylamine and piperidine as amines.
By use of the corresponding amine hydrochloride and formaldehyde they
obtained good yields. The preformed N -hjrdroxymethy1 amines, however,
gave decreased yields. Therefore they decided to investigate the
alternative intermediate and prepared the methylol derivatives of
acetone (I) , cyclohexanone (II), phenylacetylene (III), and anti-
pyrine (IV). None of them reacted to give the corresponding Mannich
base. By use of the free amine, however, they were able to obtain
the Mannich bases from I and II. Since I and II can lose a molecule
of water to give an a,£-unsaturated ketone, which easily takes up
free amine at room temperature, this would furnish an explanation for
the attainment of the Mannich bases from I and II. The authors
therefore concluded that neither hydroxymethy1 amine nor hydroxy-
methylketones were really intermediates.
It has been shown in the meantime, however, that methylol deri-
vatives of certain acidic components condense with amines to give
Mannich bases (7,8,9). This reaction appears favorable when the
resulting methylol derivative can form a resonance stabilized cation,
which then acts in place of the formaldehyde. 1-Methylindole is a
good example (10):
..!--•-'"
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+ H 2C=0
CH 2OH
H
+
-HpO
Meanwhile, in experiments with the Mannich reaction, Stewart was
able to obtain the desired Mannich bases in good yields by employing
either formaldehyde and amine, hydroxymethy 1 amine, alkoxymethy 1 amine
or bis -methylene amine (11). The reactions had to be carried out in
acid, however. Since acetals are unstable in an acidic medium the
following reaction probably occurs:
R2NCH2NR2 + H3CT -> R2N-CH2NR2 + H 2
H \
H2C-NR2
I
H 2C=NR 2
$
HOCH2NR2 + R2NH2 i
u
H 2C=0 + HNR 2
JjgO + R 2NH
V
The N-hydroxymethyl amine and N-alkoxyme thy 1 amine can react
similarly with acid to give the resonance stabilized carbonium-
immonium ion V. This report has been confirmed by several independent
X'/orkers ( 12,13,1*0 , and therefore led to the conclusion that ion V is
an intermediate in the Mannich reaction, acting as an electrophilic
agent on the nucleophilic Z-H, possibly according to an S^2 mechanism.
This finding was in contrast to Bodendorf 's report, who on the
basis of decreased yields came out against the formation of hydro-
xymethyl amine, which would be a precursor of the proposed inter-
mediate V. This work was therefore repeated by Kellmann, who was
able to show that Bodendorf 's products were contaminated with
previously undetected byproducts (14). Hellmann considered his
results to be consistent with the proposed intermediate V.
THE KINETICS OF THE MANNICH REACTION
The only workers to study the kinetics of the Mannich reaction so
far have been Alexander and Underhill (15). They chose the conden-
sation of ethylmalonic acid with formaldehyde and dimethylamine as an
example. Mixing formaldehyde and amine twelve hours before the
reaction time and then treating this mixture with ethylmalonic acid
in buffer solution, they found that the reaction very accurately
obeyed third order kinetics. The rate was pH dependent; the optimum
pH v/as 3.85 while stronglv acidic and basic solutions resulted in very
slow rates. No third order kinetics were obtained on mixing the three
components simultaneously. Ionic strength had no effect upon the
rate. Alexander therefore suggested the following mechanism:

H 2C=0 + HNR 2
k HOCH2NR2 O-CH2NR2
HA
\>oV" H\
5C2-C +£* +
1
0' N o
HA
H'
H©
Hx
H
0. /0
CH2NR2 —* H5C2-C-CH2NR2 + H 2 + A
1
0' No
H /
V° k4
H5C2-C-CH2NR2 £
-H
0)
H
/
As
N
He proposed k3 as the rate determining step, whereby ki was
faster than the rate controlling step but of the same order of magni-
tude. He rejected a carbonium ion as attacking species, since the
ffi
rate expression should then be a proportionate function of the H3O
concentration. The complicated pH dependence of the reaction did not
show such a relationship. Since ethylmalonic acid did not react with
formaldehyde under the reaction conditions he was sure that, at least
in acid, the formation of hydroxyme thy1 amine was the initial step.
THE pH DEPENDENCE OF THE MANNICH REACTION
In agreement with Alexander, Liebermann and Wagner found an
optimum pH value for every Mannich condensation which they investi-
gated (16). In general, the more basic the amine and the more acidic
Z-H, the less acid was needed. A rational explanation for such
behavior can be seen in the following sequence of equilibria:
_£_•R 2NH + CH 2=0 ?==? R2NCH2OH *
A!tH®
©
R2NH2
*®^'
R 2NH
R2NCH2NR2 + H 2
R2N-CH2
I
R 2N=CK 2
F
Z-H » R2N-CH2Z1
I
H
V
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As far as the formation of the hydroxymethyl amine is concerned,
acid would have a retarding influence on equilibria A and B. In view
of the acidic conditions and the small amount of free amine the
formation of the bis-methylene amine via equilibrium C appears doubt-
ful; some workers tend to favor it as the predominant precursor to
ion V, however (9,16). Acid would be beneficial, on the other hand,
in equilibria D and E to give the carbonium ion. These two opposing
effects therefore result in an optimum pH. Further support for this
explanation lies in the fact that by use of preformed hydroxymethyl-
amine the pH of the reaction medium can be lowered considerably with-
out affecting the yield of the condensation; formaldehyde, amine, and
the acidic component at the same pH show virtually no reaction (14).
Similarly, dropping hydroxymethyl amine into a solution of acid and the
acidic component affords a good yield of Mannich base, while slow
addition of acid to the hemiacetal and the acidic component mainly
results in a neutralization of the amine present through equilibrium
B (11). Formation of the Mannich base therefore does not take place.
On the basis of these proposed equilibria the argument for the
hydrogen-bonded complex as attacking species in Alexander's rate study
are removed, since acid can disturb the formation of the hydroxy
-
methylamine so much that this becomes the rate controlling step. The
fact that no third order kinetics were obtained on simultaneous mixing
of the three components can be taken as
The rate study could therefore still be
ion as attacking species.
evidence for this
consistent with a
hypothesis,
carbonium
Through rationalization, such a carbonium ion has also been
suggested as the common intermediate in acid-induced reactions of
methylene-bis-amines, methylene amines, and of formaldehyde and amines
(21).
STUDIES WITH VINYLOGOUS AMINOALKYLATION
Michler's hydro 1 (VI) can be considered a vinylogous carbinol-
amine, which yields a deep blue carbonium ion (VII) on treatment with
acid.
N(CH3)
HO-C-H H
$
-H 20'
N(CH3 ; 2
N(CH 3 ) 2
VI
N(CH3 )
etc
N(CH
VII
It is a very reactive compound which has been successfully condensed
with a large number of compounds containing active hydrogens (IT).
This condensation was extended by Hellmann to include dibenzoylmethane
and dimedone, two p-diketones which customarily do not react to give
Mannich bases but rather form bis -methylene compounds (18). Two
explanations have been advanced for the formation of these bis-
methylene p-diketones.
•.:')
.; • yv; ; > ,
''.:& iV'i.
.» - __ ;. .>.
i I . J :
..i.:-: . . •
. .
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a) The p-diketone is more nucleophilic than the amine
R-C=0 R-C=0
HCH + 0=CH 2 * HC-CH2OH .
R-C=0 R-C=0 <& R .c=0
b) The Mannich base eliminates amine C=CH 2 L^21b9^^[ (RCO) 2CH ] 2CH ;
'R-C=0R-C=0 R-C=0 X3r
HCH + HOCH 2NR 2 -> HC-CH 2NR 2
R-C=0 R-C=0
The facile elimination of amines from Mannich bases having a
labile £-hydrogen is quite common. Since the amine component
dimethyl aniline in VI is very tightly bound one would not expect
amine elimination from the resulting Mannich base, which would explain
the ability to form such Mannich bases of p-diketones with Michler's
hydro 1 . Reaction sequence (b) therefore seems more probable for the
formation of bis -methylene p-dike tones in the cases where an aliphatic
amine and formaldehyde are used. Further support for this theory can
be found in the fact that dibenzoylmethane reacts with formaldehyde
only in the presence of amine (19); it has also been found that
piperidine catalyzes condensations of aldehydes with methone (20).
The Knoevenagel reaction may take a similar course. The apparently
anomalous formation of the bis -methylene (3-diketones may therefore
very well proceed through a Mannich base as an intermediate.
By heating the Mannich base from dimedone and VI at l80°, Hellmann
was able to force the elimination of dimethyl aniline in poor yield.
He failed to identify the remaining fragments positively, however (18)
.
Indirect evidence for VII as the attacking species was seen in
the fact that condensation occurred only when the mixtures of VI and
the acidic component were acidified, which afforded a deep blue
color. Acetophenone, cyclohexanone, and 2-nitropropane failed to
react. No explanation was offered.
THE ACIDIC COMPONENT Z-H
In principle, all nucleophilic compounds are accessible to the
Mannich reaction. Short of being an anion Z-H would therefore have
to contain an unshared electron pair or a polarized double bond.
A combination of the carbonium ion V and the anion Z~ was considered
to be the final condensation step in the Mannich reaction by
Liebermann and Wagner (16). While this may be true in some cases it
does not appear to hold for the condensation of active methylene
compounds. In his rate study, Alexander rejected a reaction of Z-H
in its anionic form, since increased ionic strength of the reaction
medium had no influence upon the rate. If such a dissociation of Z-H
took place before reaction in many cases the resulting anion would be
more nucleophilic than the amine; thus one should obtain the methylol
derivatives of Z-H, which may react further to give the bis -methylene
compound of the acidic component. Compounds such as acetophenone,
acetone, and antipyrine are ideal for Mannich reactions in an acidic
medium. To convert these compounds into their respective anions would
require at least an alcoholate as a base.
:, .'
i i
- 215 -
Further support for this theory comes from the recent xvork of
Hellmann who, upon failing to condense sulfones with either formal-
dehyde and secondary amines or Michler's hydrol to give Mannich bases,
examined various factors involved (22). If dissociation was of pre-
dominant effect one would expect the following series of proton-
loosening tendency to give decreasing yields:
F > N0 2 > S0 2OR>S0 2R>NR3 > CN > C0 2R > CHO > COR
This relationship expresses the F effect (23).
If tautomerization was important the following series should .
hold:
CHO > COR > C0 2R > CN > N0 2 \
NRg
>' g Q g°R > S°2R > F' ' ' about zero
This relationship is known as the T effect.
The failure of the sulfones to react therefore shows that the F
effect alone is not enough to bring about reaction when the T effect
is virtually nil. Ketones with a weak F effect react because the T
effect is large. Simple esters do not react because of a smaller T
effect which is not offset by an increase in the F effect. Nitriles,
despite a ledger F effect, do not react because of a small T effect,
unless a phenyl group aids with an inductive influence. Nitroalkanes
show a very weak T effect, but the large F effect makes them acces-
sible to Mannich condensations.
A reactivity series of active methylene compounds, established
by Huenig through coupling reactions, was found to reflect x\rell the
behavior of the acid component Z-H in Mannich condensations (24):
NO 2 > CHO > COCH 3 >CN > C0 2C 2H 5 > C0NH 2 > C0 2H>S0 2CH3 > SOCH3 »C 6H5
On treatment of resolved o-nitromandelic acid with formaldehyde
and piperidine Grillot claimed to have obtained an optically active
Mannich base of higher rotation than the acid (25). Since such an
observation would rule out the enol form of Z-H as the reacting
species, the work was repeated by Meinwald who showed that Grillot did
not obtain a Mannich base but rather an acid salt (26). Condensation
of d-2-nitrobutane with a rotation of +5.07 with formaldehyde and
isopropyl amine gave a Mannich base with a rotation of 0.0^ + 0.02
(25).
TRANSAMINOMETHYLATION REACTIONS
Mannich bases not possessing a labile p-hydrogen and which cannot
form a resonance stabilized cation after cleavage of the amine
component--after quaternization of the Mannich base--can exchange
their aminomethyl group for a hydrogen atom of the condensation
partner (27):
C0 2CH 3 C0 2CH3 C0 2R
CH3CONC-CH2NR2 + H 2Ci'C0?R) 2 ~> H-C-NHC0CH 3 + H-C-CH 2NR 2
I \ l 1
II C0 2CH3 C0 2CH3 C0 2R
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This transaminomethylation, in a general sense, describes the
Mannich reaction, whereby a relatively unstable aminomethyl compound
is changed to a more stable one. The accompanying table lists amino-
methylated compounds in the order of decreasing stability. The N-
chloromethy1 amine is a solid salt with an ionic bond (28). The first
covalently bonded compound is hydroxymethyl amine, which is a very
unstable oil. The stability of the covalent bond then increases,
trimethyl amine being an extremely stable "Mannich base."
TABLE
Aminomethyl compound from:
Hydrogen
Methane
Benzene
Indole
Acetonitrile
Acetophenone
Ethylmalonic acid
Piperidine
Phthalimide
NCCH 2-
C 6H5COCH 2 -
(H0 2C) 2C-
HsC
<
5^2
,N-
Hydrogen Cyanide
Bisulfite anion
Thiophenol
Methanol
Water
Hydrogen Halide
NC-
OaS -
C6H5S-
CH3O-
H0-
x
e
-CH 2NR 2
(covalent bond)
©
[CH 2NR 2 ^H 2C=NR 2 ]
(ionic bond)
CO
8-
H-
\->
H-
ct
O
CD
P
CO
CD
CO
**
,
..... ... .
: ..^.
;
.
•'•
.
.''•':
..
- ;
•
,
:
: !
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The failure of sulfinic acids and their methylol derivatives to
undergo a Mannich condensation with secondary aliphatic amines can be
explained on this basis (7,29). Sulfinic acid anions are between
halide and hydroxide ion with regards to their nucleophilicity (30).
Evidently the nucleophilicity of the sulfinate ion is
enough to form a ccvalent bond with the carbonium ion
electron-pull by the S0 2 group is too strong:
not strong
V because the
y
RS0 2CH 2N\
Alk
Alk
RSO e H2C-N
yAlk
Alk
If one of the alkyl groups of the amine is replaced by a phenyl
group, however, the corresponding Mannich base can be formed, pre-
sumably because the phenyl group can counterbalance the electron
withdrawing effect of the SO2 group. Support for this theory is
found in the fact that sulfinic acids can be aminomethylated with
piperazine and piperazine derivatives which carry an electron attract'
ing substituent on the nitrogen (29).
The aminomethylation of nucleophilic compounds can therefore be
viewed as initially involving the formation of the aminomethyl com-
pound of water which--under acid catalysis--forms the more labile
aminomethyl compound of HX, which then reacts to give the Mannich
base.
It is possible for Z-H to react without acid if it is sufficiently
nucleophilic because of unshared electron pairs, such as alcohols,
amines, CN~, HS", and polar Grignards; the more stable aminomethyl
compound is always obtained.
Z-H + HOCH2NR2 -
SO3- + HOCH2NR2
NC9 + 03GSCH 2NR 2
ZCH2NR2
>
e
3SCH 2NR2
-> NCCH2NR2
+ H 2 (Z = CH3S-, CH3O-, R 2N-)
OHe
so3©
Aminomethylation cannot be effected if Z-H is not nucleophilic
at all, such as benzene, methane, or hydrogen. Through suitable
substituents the possibility for dissociation into nucleophilic
groups has to be created in order to obtain compounds which can be
aminome thy 1 ated
:
CH3MgI + K5C2OCH2NR2 ~> CH3CH2NR2 + H5C 20MgI
Vinylogs also react (31):
\CeHsMgBr + CH3OCH2 \_/ N(CH3 ) 2 -»• C6Hs-CH 2o N(CH3 ) 2 + CH30MgBr
The cleavage of N-methoxymethylpiperidine by lithium aluminum
hydride is noteworthy, since 0,0-acetals are not attacked by this
reagent (32). Similar cases have been reported (33,34).
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NCH3 <f
L1A1H4 ( "\cH 2OCH3 2s2§£*» ( \CH 2C 6H 5 + CH3OLi
While the acid-catalyzed reactions most likely proceed by an Sg2
mechanism, the non-catalyzed reactions probably proceed via an SN2mechanism. Steric hindrance has been noted (35,36). The resonance
stabilization of the carbonium ion V in the transition state may play
an important role in aminomethylations.
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A NEW SYNTHESIS OF 1 , 4 -NAPHTHOQUINONES
FROM o-DIACYLBENZENES AND PHTHALIDES
Reported by W. A. DeMeester
INTRODUCTION
May 1, 1958
The preparation of o_-diacylbenzenes has been carried out in a
limited number of ways. In connection with the preparation of
phthiocol (2-hydroxy-5-methyl-l,4-naphthoquinone ) as well as
methoxylated phthiocols, a new synthesis of these materials has been
devised by Weygand and his coworkers. The starting materials for
the synthesis would logically be the o-diacylbenzenes; a new method
for preparation of these diketones from phthalides will also be
presented.
It is the purpose of this seminar to survey the methods of
preparation of o-diacylbenzenes, 3-methylphthalides, 3-methyl
methoxylated phthalides, and their use in the synthesis of substi-
tuted 1,4-naphthoquinones
.
o-DIACYLBENZENES
o_-Diacylbenzenes have been prepared from acetophenone deriva-
tives. Usually the most difficult step of the preparation was to
obtain the alkylated acetophenone. Phthalic anhydride was used by
Riemschneider (l) as a starting material in making o-ethylaceto-
phenone by the following scheme:
\\\ XC-COOK (2) ^
i
"-CH2CM3
-C-OII
II
in CH2CH3
C-CH3
The yield of o-ethylacetophenone is 74$ based on o-ethylbenzoic acid,
according to Winkler (3).
~
o-Ethylacetophenone has also been prenared through the diazotiza-
tion of o-aminoethyibenzene and reaction of the diazonium salts with
formaldoxime
, acetaldoxime or propionaldoxime (4).
H
fi^T*01 r-£,noh ,
IL^>Lc2hs '
iJOII
.0
2^5 rT=T
c- R
The yields which were obtained from this type of reaction depended
critically on the conditions, with a pH of 5.5 - 6 as most favorable.
Formaldoxime gave higher yields than either of the others. When
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acetaldoxime was used, the resulting o-ethylacetophenone was extreme 1;
impure and was produced in a very low yield.
Another method for the preparation of o-ethylacetophenone was
devised by Weygand and coworkers (5), who nitrated ethylbenzene and
converted the o-nitroethyibenzene to o-iodoethylbenzene by way of
the diazotized amine. The carbinol, made by condensing the
corresponding Grignard reagent with acetaldehyde was oxidized with
chromic acid to o-ethylacetophenone. By use of potassium perman-
ganate buffered with magnesium nitrate, the ethyl group was oxidized
to the acetyl group, to yield o-diacetylbenzene (23$ yield, based on
o-aminoethylbenzene )
,
ff^f-CzHs 1. HONO^M-Niip 2, i:i
1. Mg
2
.
CK*CH0
v
3. Cr2 3 '
1
50$ °
r-^^pC-CHsM— C- CH3
75% y
•
Then butyraldehyde was used in place of acet aldehyde, the yield of
o-ethylbutyrophenone was much lower than that of the corresponding
acetophenone, but the conversion to o-acetylbutyrophenone was
satisfactory.
Another method (6) for the preparation of o-diacetylbenzene is
the oxidation of o-diethylbenzene with potassium permanganate and
magnesium nitrate. Conversion to the o-diacetylbenzene was very low,
and an equal amount of o-ethylacetophenone was formed.
One interesting phenomenon which has been observed by some
experimenters (3*5) was that o-diacetylbenzene produced a reddish
stain on the skin in about 15 minutes, which later became violet.
The stain could not be removed with acids, alkalies, potassium
permanganate or sulfurous acid, o-Diacetylbenzene has a sensitivity
of color reaction equal to that of ninhydrin, according to Hillmann
(7). In water or aqueous alcohol, as was shown by '/inkier, it gives
a reddish to blue color with glycine, alanine, phenylalanine,
aspartic acid, glutamic acid, leucine, isoleucine and histidine, the
color intensity decreasing witn the different amino acids in the
order given. The color test was negative with cysteine but gave a
green shade with tryptophane. Synthetic polypeptides and native
albumin gave a very positive reaction even in the cold. Glycine can
be easily detected in one part in 50,000, Acid intensifies the color;
sodium hydroxide destroys it.
An aniline-acetic acid mixture in the hands of VJeygand and
coworkers (8) served to detect the presence of o-diacylbenzenes in a
reaction mixture. The intensity of the color produced in the test
has been useful in quantitatively estimating the amount of diketone
formed in a reaction. This test has been of particular value in the
preparation of o-diacylbenzenes from 3-methylphthalides.
."..> •
..
'
•
!
- 221 -
A known
the reaction
by oxidation
method (9) for the preparation of _oj-dibenzoylbenzene is
of phenylphthalide with phenylmagnesium bromide followed
the re suit ins hemiacetal.of
(ZfrlgBr
>
121
o
C-0
it
An analogous reaction was realized by Weygand and coworkers (10)
in an attemot to prepare o-diacylbenzenes. The condensation product
of 3-methylphthalide with ethylmagnesium bromide was subjected to
acidic oxidation with sodium dichromate and to alkaline oxidation
with ootassium permanganate. A color reaction with primary amines
indicated that no diketone had been formed. On the basis of the
negative results for the diacyl material, the following reaction
mechanism was postulated.
CH3
CgHsK&Br
y
In the preparation of o-dibenzoylbenzene, the isobenzofuran
system appears to be energetically more stable than the system just
considered. Confirmation of this hypothesis was shown by the
avoidance of acidic reaction during hydrolysis. An aqueous solution
of magnesium nitrate was used to destroy the Grignard adduct and this
was followed by potassium permanganate oxidation in the cold. A
strong color reaction with aniline-acetic acid showed the presence of
the desired o-diacylbenzene.
This study of 3-Jnethylphthalide was extended to the methoxylated
derivatives. 3-Methyl-6,7-dimethoxyphthalide, which was prepared
from opianic acid (11), was converted to 2-acetyl-5,6-dimethoxypropio-
phenone in very good yield, as shown by the color reaction. This
result was substantiated by oxidation and ring closure with selenium
dioxide to be discussed later.
The tetramethoxyphthalide was also prepared but with extreme
difficulty. The first attempts to make this phthallde were carried
out with 3-methyl-6,7-dimethoxyphthalide. This compound was nitrated
(12) in the 4-position and converted to the hydroxylated phthalide by
warming the diazotized amine obtained by reduction of the nitro
compound. Conversion of 3-methyl-4-amino-6,7-dimethoxyphthalide or
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the 4-hydroxy-6,7-dimethoxyphthalide to the o-quinone by the method of
Teuber (13,14) was unsuccessful. Teuber's procedure involves the
oxidation of phenols to quinones or naphthols to naphthoquinones by
means of potassium nitrosodisulfonate. If the phenol has p-alkyl or
-alkoxy substituents, the main product is the 1,2-quinone. The
mechanism for the oxidation of an unsubstituted phenol has been
postulated to be the following:
+ ON(S03K) 2 + HON(S03K) 2
QN(S03K)g
:
IT ~ON(S03K) 2
HN(S03K)
3-Methyl-4-iodo-6,7-dimethoxyphthalide was obtained from the diazonium
salt by means of the Sandmeyer reaction. The iodo substituent could
not be exchanged for a methoxyl group by treatment with potassium
methoxide
.
In a second attempt to prepare the tetramethoxy phthalide, the
3-methyl-4,5,6-trimethoxyphthalide was used, but this attempt was
unsuccessful since the starting material could not be easily synthe-
sized. A preparation of the starting material, by use of 3-trichloro-
methyl-4,5,6-methoxyphthalide prepared by Alimchandani (15) by reac-
tion of 3,4, 5-t rimethoxybenzoic acid with chloral hydrate in 9®%
sulfuric acid, was tried. All the known procedures for the reduction
of a trichloromethyl group to a methyl group failed (16,17). In all
attempts the dichloromethyl compound resulted.
On the assumption that the tetramethoxy 3-methylphthalide could
be prepared from the tetramethoxy phthalide, attempts were made to
secure this material. 4,5,6, -Trimethoxyphthalide could be obtained
from trimethylgallic acid (18) or possibly from the 3-trichloromethyl-
4,5,6-trimethoxyphthalide which could be converted to the acid, then
decarboxylated to the trimethoxyphthalide in good yield. The tri-
methoxy phthalide was then nitrated, and the iodo compound prepared by
way of the diazotized amine by means of a Sandmeyer reaction; then
treatment with potassium methoxide gave the tetramethoxyphthalide in
small yield.
Since the nitration of the trimethoxy phthalide proved so
difficult, a method for obtaining the tetramethoxy phthalide from
1, 2, 3,4-tetramethoxybenzene appeared to be more desirable. One method
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for the preparation of this material used gallacetophenone-3,4-
dimethyl ether (19) in the Dakin reaction (hydrogen peroxide in
aqueous alkali) to yield 1, 2-dimethoxy-3,4-dihydroxybenzene, which
was converted to the tetramethoxybenzene with dimethyl sulfate
2-Hydroxy-3,4-dimethoxybenzaldehyde was also used as the starting
material in a similar reaction, but the availability of this material
is limited.
Another method for the preparation of 1,2, 3,4-tetramethoxybenzene
was carried out in the following manner: pyrogallol was converted to
pyrogallol-4-carboxylic acid, which was transformed to pyrogallol-1, 2-
dimethyl ether; the ether was oxidized according to the method of
Teuber (14), to 2, 3-dimethoxy-p-benzoquinone. This benzoquinone was
reduced to the hydroquinone, which in turn was methylated to the
1, 2, 3, 4- tetramethoxybenzene in 50$ yield, based on the pyrogallol-1, 2-
dimethyl ether. Two other methods (20,21) have been used to prepare
the tetramethoxybenzene from pyrcgallol-1, 2-dimethyl ether, but
neither gave as good a yield. This material has been prepared by
Baker as an intermediate in the preparation of parsley and dill apiole.
In order to obtain the methoxylated naphthoquinone, 1,2,3,4-
tetramethoxybenzene was chloromethylated (67$ yield) to 1,2-bis-
chloromethyl-3,4,5,6-tetramethoxybenzene. This compound was converted
in 95$ yield to the diacetate and on to the dialcohol ( 22) . The
dialcohol was oxidized directly to 4,5,6,7-tetramethoxyphthalide with
sodium dichromate in acetic acid (20$ yield, based on the tetra-
methoxybenzene) and in reaction with active manganese dioxide to 2-
hydroxymethyl-3,4,5,6-tetramethoxybenzaldehyde in 65$ yield. In order
to form 4,5,6,7-tetramethoxyphthalaldehydic acid, the tetramethoxy-
phthalide was treated with N-bromosuccinimide; the aldehydic acid was
obtained in 85$ yield. This material was also obtained (in 68$ yield)
by treating the 3,4,5,6-tetramethoxyphthalalcohol with N-bromosuc-
cinimide in benzene and carbon tetrachloride. Treatment of the
aldehyde with methylmagnesium iodide gave 3-tfiethyl-4,6,6,7-tetra-
methoxyphthalide in 68$ yield.
FORMATION OF SUBSTITUTED NAPHTHOQUINONES FROM o-DIACYLBENZENES
Interest in 1,4 -naphthoquinones was stimulated by the announce-
ment that 2-hydroxy-3-methyl -1,4 -naphthoquinone (phthiocol) possessed
anti-hemorrhagic activity similar to vitamin K (23). Various prepa-
rations for this compound had been known; however, they afforded the
compound in only low yields. A method proposed by Anderson (24) gave
phthiocol in a 57$ yield.
fl
L°l_> f iffl Ca(0Cl) 2; [<^
Various series of substituted 1,4-naphthoquinones were prepared and
checked for anti-hemorrhagic activity (24,25,26). Fieser (27) pre-
pared phthiocol in the following manner.
'•/
NaOOH
In 1952-1954, elucidation of the structure of gladiolic acid was
carried out (28,29). This acid was shown to exist in two forms.
C-OH
Many derivatives of the lactol form had been made, but no simple
derivative of the open chain form was prepared until Weygand (30), in
1954, discovered a new synthetic route to isonaphthazarins by the
condensation of suitable phthalaldehydes (such as gladiolic acid) with
glyoxal in weakly alkaline solution in the presence of cyanide ion.
CHaO-^
H 3C
COOH H
C=0
C=0
H
+
H
C=0
I
c=o
H
COOH
CN" CH3O
H3C
The yield of 2, 3-dihydroxy-6-methoxy-7-methyl-l,4-naphthoquinone-5-
carboxylic acid was 35%.
Weygand and his coworkers (8) also observed that the condensation
does not take place with methyl- or phenylglyoxal. Thus, this syn-
thesis is not suitable for the ^-substituted alkyl hydroxynaphtho-
quinones.
It was also noted that the reaction of o-diacetylbenzene in warm
2-propanol containing selenium dioxide, became red; a small amount of
2-hydroxy-l, 4 -naphthoquinone was isolated. A small quantity of
dinaphthoquinone was also obtained but not investigated. Since the
ring closure to 2-nydroxy-l, 4 -naphthoquinone could be carried out
smoothly, longer chain acyl groups were investigated. o-Acetylpro-
piophenone was converted to phthiocol in good yield. Also, o_-acetyl-
butyrophenone was converted to 2-hydroxy-3-ethyl-l,4-naphthoquinone
in 40$ yield. The nonhydroxylated compound was also obtained in small
quantity. A smooth reaction with 3>4-dimethoxy substituted o-acetyl-
propiophenone under the same conditions occurred.
to preparation of more highly methoxylated 1,4-
The purity of the diketone appears to be a
in determining the yield obtained from the oxidative
o-diacylbenzenes to 1,4 -naphthoquinones. The o-
and the o-acetylbutyrophenone have been obtained as
pure compounds while those derived from the 3-methyl phthalides have
not. The percentage of diketone present in the product appears to
decrease in the following order.
These results led
naphthoquinones (10).
deciding factor
ring closure of
diacetylbenzene

R"»
ftt 1 13
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R' = CH3 ; R", R m = H
R' = CH3 ; R" = OCH3 ; R m = H
R» = CH 3 ; R", R«" = OCH3
R» = C 2H 5 ; R", R 1 " - OCH3
sU'
The amount of diketone was indicated in each case by the aniline-
acetic acid color test.
The treatment of 3-methylphthalide with ethylmagnesium bromide
and then oxidative ring closure to 2-hydroxy-3-methyl-l,4-naphtho-
quinone gave this desired product in 10$ yield along with a small
amount of the nonhydroxylated product. When the nonhydroxylated
product was retreated with selenium dioxide in 2-propanol to deter-
mine if hydroxylation could take place under these conditions,
2-methyl-l,4-naphthoquinone was recovered.
3-Methyl-4,5,6,7-tetramethoxyphthalide gave only a small
quantity of impure diketone when either the ethyl- or the propyl
Grignard reagent was used. Although no crystalline products were
obtained from the selenium dioxide ring closure, extraction of the
reaction mixture with sodium carbonate solution produced a red color.
Reextraction and chromatography on alumina produced a yellow oil which
showed UV absorption maxima at 260 and 297-298 mu. This solubility in
alkali is accompanied by color intensification.' Vitamin K and 2,3-
dimethoxy-1, 4 -naphthoquinone have absorption maxima at 260 and also
produce an intense red color when dissolved in alkaline solution;
accordingly, the authors assumed the presence of both the 2-hydroxy-
3-methyl-(or ethyl) 5,6,7,8-tetramethoxy-l,4-naphthoquinone. The
presence of the nonhydroxylated species was not determined.
POSSIBLE REACTION MECHANISM
In the oxidative ring closure of o-diacylbenzenes to the 2-
hydroxy-l,4-naphthoquinones, it was at first assumed that the
nonhydroxylated naphthoquinones were intermediates. This is not the
case, however, since hydroxylation does not take place under the
selenium dioxide reaction conditions. The following mechanism has
been proposed.
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7 OH
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The selenium dioxide first oxidizes an active -CH 2- or -CH3
group to an alcohol, which then can be dehydrogenated to either an
aldehyde or a ketone. The o-diacylbenzenes, according to the theory,
can be oxidized at both of the active positions to form a diketol.
At this point, either of the alcoholic groupings can be oxidized to
the corresponding aldehyde or ketone, which in turn is converted to
the energetically more stable ring structure. In postulating a
mechanism for the formation of the nonhydroxylated material, it is
assumed that only one of the acyl groups is oxidized.

1. R.
2. G.
3. W.
4. W.
5. F.
o.
19
w.
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POLYMERIZATION OF OLEFINS BY ZIEGLER CATALYSTS
Reported by E. J. Gall May 5, 1958
I. Historical
As early as 1930, Frledrich and Marvel (l) had reported that
lithium alkyls may cause the polymerization of ethylene to non-gaseous
products. In 19^1, Ellis (2), in a duPont patent, described the
polymerization of olefins by the use of lithium alkyls and a
hydrogenatin^ contact catalyst, such as reduced nickel on kiesel-
guhr. In 19^3 » Max Fischer (3) > had succeeded in polymerizing
ethylene by the action of aluminum chloride in the presence of
titanium tetrachloride and a small amount of aluminum powder. The
products obtained were lubricating oils along with a small amount
of insoluble solid white mass, which was considered an unfortunate
by-product. By 19^9, Ziegler had shown that a-olefins could add to
metal hydrides or aluminum trialkyls, such as aluminum triechyl to
form higher olefins (4,5). He proposed the following process for
the polymerization: nx , „ rj _ „
,U 112 tt-2 U 2 tt5
A1(C 2H5 )3 + C 2H4 A22_-i> AI-C2H5 *
V
C 2H5 (1)
/(C2H4 ) 1 C 2H5
Al—(C2H4)
m
C 2H5 -> AIH3 + CH2=:CH(C2H4) 1 _ 1C2H5
(C2H4) C2H5 m-1
n-1
Ziegler reasoned that this stepwise organo -metallic synthesis should
lead to high molecular weight polyethylene, but, in actual practice
this was not the case. To explain the lack of high molecular weight
polymer, he proposed (5) that the growing chain was destroyed by a
"displacement" reaction characteristic of aluminum alkyls and ethylene
at high temperatures QlOO ):
H(C2H4 ) n _ 1CH2CH2-al + C2H4 > H(C 2H4 ) n _ 1 CH=
:CH2 + CHsCIfeal (2 )
al = 1/3 Al
In the course of their investigation of this polymerization process,
Ziegler and his co-workers accidentally discovered that certain
metals, such as nickel or cobalt, were very effective in catalyzing
the above displacement reaction (6,7). Further experiments aimed
at elucidating the effect of various other metal co -catalysts on the
ethylene polymerization led to the discovery of "The Muhlheim Normal
Pressure Polyethylene Process ", in which aluminum triethyl is
combined with titanium tetrachloride at one atmosphere to produce
a catalyst which is very effective for the polymerization of
ethylene to high molecular weights (8).
These experiments of Ziegler and his co-workers, with their claim
of having produced polyethylene of molecular weight as high as
3*000,000 at low temperature and normal pressures, aroused a great
deal of interest in polymer chemists everywhere. Natta, in Italy,
began his intensive investigation of the new process, and prepared
a number of polymers from a-olefins other than ethylene by the use
of what he first called the "Ziegler catalyst" (9,10). Natta was
the first to recognize the fundamental importance of Ziegler's dis-
covery and his group has contributed the most toward a greater
understanding of the new polymers and polymerization procedures (ll).

At about the same time that Ziegler was carrying out his
experiments various other workers were also developing new solid
catalysts for the polymerization of olefins. Several patents issued
to Standard Oil of Indiana (12) described the use of preformed
solid catalysts, such as molybdena on alumina. The Phillips
Petroleum Company, in a Belgian patent (13), described the use of
chromium oxide on a silica-alumina support as a polymerization cata-
lyst. The polymers obtained by the use of these metal oxide cata-
lysts are similar to those obtained by Ziegler; this seminar, how-
ever, will consider in detail only the "Ziegler-type catalysts".
II. The Ziegler Catalyst
Since Ziegler' s initial work with aluminum triethyl and titanium
tetrachloride, a number of catalyst systems of the same type have
been investigated. These catalyst types can be classified as complex
metal alkyls and hydrides. Metal hydrides alone, without a "co-
catalyst", as used by Ziegler (4), are not effective catalysts since
at best only low molecular weight polymers are obtained. The metal
alkyls, such as aluminum and beryllium alkyls, either alone or with
nickel, cobalt, or platinum co -catalysts added, are also not effective
(7). The most effective co -catalysts, when used with aluminum alkyls,
are the salts of the metals zirconium and titanium (8). In general,
the salts of any of the metals of the fourth, fifth, and sixth groups
of the periodic system, including thorium and uranium, are effective
as co-catalysts (8,1*1-). These co-catalyst salts are used together
with organometallic compounds of group II and III metals.
In addition to the forementioned catalysts, Ziegler has also
claimed hydrides or certain organo compounds of aluminum or the next
two higher members of the same group in the periodic system, or
beryllium in the next preceding group, as expecially effective
catalysts (15)
•
Natta (17) has reported the use of catalysts essentially the
same as those described by Ziegler. He has shown that a better
crystallinity of polymer can be obtained with diethylaluminum
chloride and titanium trichloride than with aluminum triethyl and
titanium tetrachloride (18). He has reported the isolation of a
crystallizable organometallic complex containing titanium and
aluminum, having the empirical formula (CsHs^TiC^Al (02^)2 (19)
.
This blue crystalline compound was prepared by treating bis-(cyclo-
pentadienyl) -titanium dichloride with aluminum triethyl in n-heptane
at 70°. The complex was active for the polymerization of ethylene,
although not as active as the catalyst prepared from T1C14 and alumi-
num triethyl. This is perhaps the only catalyst of this type which
has been isolated in a crystalline state. Breslow and Newburg (20)
have isolated a similar complex from the reaction of bis-(cyclo-
pentadienyl) -titanium dichloride with two moles of diethylaluminum
chloride in n-heptane. They report their crystallized compound to
be a complex of (CsHs^TidllJCl with aluminum sesqui chloride,
(C s H5)2TiCl-l/2(C2H5)2AlCl*l/2C 2H5AlCl2. This blue complex is a
very poor catalyst for the polymerization of ethylene, unless the
ethylene contains a trace of oxygen, in which case this catalyst
was shown to be fully as active as the usual Ziegler type. The
oxygen here seems to be functioning in such a way so as to form a
tetravalent titanium compound, and their conclusion was that this
soluble catalyst system (the polymerizations were run in toluene, in
which the complex is soluble) depends for its catalytic activity on
the presence of at least some tetravalent titanium.
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The most generally used catalyst of the Ziegler type has been
the combination of aluminum trialkyl and titanium tetrachloride. In
order for the catalyst to be effective at least the metal salt as
"co-catalyst" must be present along with some reducing agent (22).
III. Olefin Types
In addition to ethylene, which was the first olefin to which the
Ziegler polymerization process was applied, a number of other mono-
olefins have been polymerized by this process. As a general rule,
the monoolefin must be an a-olefin with no branching closer than the
3 or ^-position to the double bond (8). Some examples of these olefin
types, whose polymerization by Ziegler catalysis has been reported
are propylene (l7 ), butene-1 (9)* 3 -methyl -I-butene and pentene (22).
The branched olefins 4 -methyl -1 -pentene, 4 -methyl -1-hexene, and 5-
methyl-1-hexene have also been polymerized by this procedure (23).
Styrene, which might be classed as an exception to the rule
stated above, readily undergoes polymerization to a high molecular
weight crystalline polymer (9,24). The long-chain u-olefins dodecene
and octadecene have been polymerized in good conversion to high
molecular weight polymers (25).
A novel example is the polymerization of bicyclo- (2,2,1 )-hept-2-
ene (26). (i) Either a rigid or a flexible polymer was obtained,
depending on the catalyst used (27). Infra-red studies showed that
the two types of polymers possessed different structural characteris-
tics . It was proposed that the flexible polymer contained the
structural unit II. This structure was shown by its oxidation to
cis-cyclopentane-l,3-dicarboxylic acid (ill).
-»
H02C^ ^ ^C02H
J
III
(3)
When functional groups, which are capable of destroying the
catalyst, such as carbonyl groups, groups containing nitrogen, sulfur,
phosphorus, etc., easily reducible groups or active halogens and
hydrogens, are present in the olefin, polymerization is not possible
(22).
Conjugated diolefins have been polymerized by means of the various
catalyst systems previously described. Goodyear has obtained a
"synthetic natural rubber" from isoprene by the use of aluminum tri-
ethyl and an unspecified co-catalyst (28). The polymer is nearly
all cis-l,4-polyisoprene, a structure almost identical with that of
natural rubber. Home and co-workers have reported the polymerization
of isoprene to either an all cis -1,4 or an all trans -1 , 4 -polymer at
will by the use of Ziegler-type catalysts (29). The polymerization
of various other substituted conjugated diolefins, such as 2,3-di-
methyl-l,3-butadiene, chloroprene, 2,3-dimethyl-l,3-pentadiene and
2-phenylbutadiene, has been reported (30). The geometry of the poly-
mers obtained depends largely on the kind of catalyst used. Cyclo-
hexadiene has been polymerized by the Ziegler process to 92f°
conversion (31 ) •
The polymerization of a series of non-conjugated diolefins has
been reported (22), in which the polymerization reaction takes place
•
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with only one of the double bonds. A group of interesting polymeri-
zation reactions effected by the Ziegler catalyst are those of the
non-conjugated dienes 1,6-heptadiene, 1,5-hexadiene and 2, 5-dimethyl-
1,5-hexadiene (32). The products obtained in these polymerizations
were soluble polymers of high molecular weight and high melting point
The polymer from 1,6-heptadiene, readily soluble in benzene, could be
dehydrogenated to a polymer which showed aromatic and meta sub-
stitution in the infra-red and ultra-violet absorption spectra. To
explain this behavior a cyclic recurring unit (iVj was proposed as
the main structural feature of the polymer, and the formation of the
polymer has been explained by an alternating intermolecular-intra-
molecular mechanism.
An An
11 ^ IH^e^i . W-» -»
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IV
IV. Stereochemistry of the Polymers
The Ziegler process for the polymerization of ethylene to poly-
ethylene yields a polymer which is highly crystalline, since the
chain is linear with little chain branching (j 9 lk). In general,
the polymers, both high and low molecular weight, obtained by means
of the Ziegler process exhibit a high degree of crystallinity along
with a high melting point and other properties quite different from
the corresponding ''amorphous " polyhydro carbons having intrinsic
viscosities of the same order of magnitude (10) . Natta has investi-
gated extensively the structures of the stereospecific polymers of
a-olefins by means of x-ray and electron diffraction (2^). He has
made a distinction among three general stereoisomeric types, which
he calls isotactic, syndiotactic, and atactic (33) - When a monomor
CH2=CHR is polymerized to give a polymer chain -CH2-CHR-, there
is the possibility that the tertiary carbon atoms have the same
steric configuration with respect to the other tertiary carbon
atoms (ll,33). If the zig-zag chain backbone is visualized as lying
all in a plane, then the relative positions of the R-groups on the
alternate tertiary carbon atoms will determine the type of isomerism.
If all the R-groups are situated on the same side of the plane, either
above or below, the tertiary carbon atoms all have the same steric
configuration and the polymer is said to have an isotactic structure.
If, however, the R-groups are located alternately above and below
the plane, i.e., every other tertiary carbon atom has an identical
configuration, the polymer is said to have a syndiotactic structure.
A polymer structure, in which the R-groups are arranged completely
at random and there is no regularity in the configuration of the
tertiary carbon atoms, is said to be atactic. The configurations
of all the tertiary carbons will be completely identical actually
only in infinitely long chain polymers, and, although the polymers
possess asymmetric carbon atoms, optical activity is not observed
because of internal compensation.
Natta lists the following requirements for a stereospecific
polymerization process (33):
1) The polymerization must occur always in a head to tail fashion
2) The polymerization must occur without chain branching due
either to chain transfer processes or through copolymeriz-
ation of the monomers with their low molecular weight polymers
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3) The polymerization must occur in a manner so that the
monomer units assume steric configurations corresponding
to a determined order of absorption on the catalyst surface.
The x-ray studies on various isotactic polymers, such as poly-
propylene, poly-1-butene, and poly-1-pentene, have shown the identity
period to be 6.5 to G.7A (3^,35). According to Natta, this identity
period corresponds to three monomeric units (-CH2-CHR-). The
calculated value for this identity period is 7.62A°, if a planar
and fully extended paraffinic chain corresponding to three monomeric
units is considered (10). The difference in the two values is
explained by the assumption that the crystalline polymer assumes
a helical configuration due to the steric requirements of the R-groups.
The sterochemistry of the polymers obtained from the conjugated
diolefin, butadiene, has been studied hj Natta (35). Butadiene can
polymerize in different ways yielding either linear or branched chains
or even, under certain conditions bridged chains . In the linear chain
of the polymers of diolefins there can be found three types of
concatenation: (l-4) -trans, (1-4) -cis, and (l-2). Natural poly-
isoprene exhibits the (l -4) -trans concatenation as seen in gutta-
percha, and the (l-^O-cis type in natural rubber. Natta was able to
produce polymers from butadiene which contained almost exclusively
the (l-2) concatenation. This (l-2) poly-butadiene was the first
example of a syndiotactic polymer, and was also the first polymer
of a diolefin to contain exclusively the (l-2) structure. He has
also obtained, by the use of heterogeneous catalysts, crystalline
polymers of butadiene of the (l -4) -trans type. In contrast to the
isotactic polymers, these syndiotactic polybutadienes have an almost
planar principal chain with an identity period of about 5«1^A°,
corresponding to two monomer units
.
V. Mechanism of Polymerization
The elucidation of the mechanisms of vinyl -type polymerizations
at solid surfaces and by complex catalysts has always been a
formidable theoretical problem (36). The solution to the mechanistic
problem in the case of polymerization by Ziegler catalysts has been
difficult for two reasons: the composition of the active catalyst
is not exactly known, and, since the reaction takes place in a
heterogeneous system, the rate of reaction is dependent on the
surface or degree of dispersion of the catalyst (22).
The mechanism which Ziegler postulated for the polymerization
has been discussed previously - equations (l) and (2 ) . Robinson (37)
has proposed a similar mechanism. Natta (33*34) has suggested an
anionic mechanism, which is analogous to that of Ziegler, except
that Natta takes into account the important effect of the catalyst
surface. He has ruled out both a free radical and a cationic
mechanism on the basis of the requirements he feels necessary for
stereospecific polymerization (see Section IV) . Since free radical
polymerizations are in general not stereoselective, and cationic
polymerizations frequently proceed by chain transfer, neither would
be expected to lead to stereospecific polymers. Natta believes the
true catalyst to be a surface complex compound of aluminum alkyl
with a titanium compound, and that the propagation step consists of
the insertion of a monomer molecule between the positively charged
ion of the catalytic complex and the negatively charged methylene
end group of the growing polymer chain. He has observed that groups
originally bound to aluminum are later found as end groups on the
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polymer (33), and has concluded that the polymerization process
depends upon the formation of a positive aluminum atom, formed by
the breaking of an aluminum -carbon bond. Natta and co-workers (42)
have studied the kinetics of the polymerization of propylene with
catalysts based on TiCl3 and AIR©, and have reported a first-order
dependence of rate on propylene and TiCl3 concentration.
A group of duPont workers has also reported kinetic data on
polymerization by Ziegler catalysts (4l). Their data on the
polymerization of ethylene agree closely with that reported by Natta
in that they observed that, over a pressure range of 1-1.5
atmospheres, and at a given temperature, rates were proportional
to the concentration of ethylene and the concentration of TiCl4 in
the active catalyst. They further reported that catalytic activity
was also dependent upon the nature of the alkylating agent (lithium
or aluminum alkyl), the alkylating agent-to-titanium tetrachloride
mole ratio, which determines the valence state of the titanium,
and temperature
.
To relate catalytic activity to the average valence state of
titanium, these workers investigated catalysts prepared from TiCl 4
and Al(C 2H5)3. One of the reactions possible between organometallics
and TiCl 4 is reduction of the latter. When Al(C 2H5 )3 is allowed to
interact with TiCl 4 , the organotitanium compounds formed initially
would release ethyl radicals to form ethane. If it is assumed that
each mole of ethane released in this reaction corresponds to a
reduction of one in the valence state of one mole of titanium, then
it is possible to calculate the average valence state of titanium
from quantitative off -gas measurements in this catalyst system.
When these measurements were made on the reaction of TiCl 4 with
Al(c 2H5 )3 in boiling cyclohexane, it was observed that the average
valence state of titanium decreased gradually as the alkylaluminum-
to -titanium halide ratio was increased. When these results were
combined with data which showed that catalyst activity was strongly
related to catalyst composition, a relationship between catalyst
activity and average valence state was obtained which suggested that
maximum activity is associated with titanium in an average valence
state of two.
On the basis of their data the duPont workers propose the
following as the propagation reaction (assuming RTiCl to be the active
catalyst)
:
H H
k HCj-CH
ClTi(C 2H4) nR + C 2H4 JB+ ClTi(C 2H4 ) nR
£2§t^ ClTi(C 2H4 ) n+1R (5)
The coordination of ethylene with the active catalyst is regarded as
the rate -determining step, and leads to the differential rate equa-
tion
R
p
= k
p
[E][C] (6)
where R is the polymerization rate, [E] is the concentration of
ethylene, k is the propagation constant, and [C] is the concentra-
tion of active catalyst. It is difficult to apply equation (6) to
polymerization over an extended period of time unless the polymer
remains in solution, because insoluble polymer will cause occlusion
of catalyst sites, and the effective catalyst concentration, C, will
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decrease. When the polymer remains in solution, equation (6)
predicts that the rate of polymerication will remain constant with
time, and will be proportional to both ethylene and TiCl4
concentrations. By using the volume of gas polymerized after two
hours at 100° as their measure of catalytic activity, these workers
found experimentally that the second -order dependence predicted was
obeyed even when the polymer was partially insoluble.
In a more recent paper, McGowan and Ford (43) have reported
kinetic data on the polymerization of ethylene at 30° which indicated
that the rates of polymerization were proportional to the TiCl4
concentration and to the squares of the ethylene pressures. These
results seem to invalidate the conclusions reached by the duPont
workers described above. A close examination of the two sets of
data, however, shows that a direct comparison of the two cannot be
made. Whereas the duPont workers followed the rates of polymeriza- .
tions for two hours and longer, and used the volume of gas
polymerized after two hours as a measure of catalyst activity,
McGowan and Ford limited their observations to polymerization times
of 30 minutes. The duPont workers have stated that initial rates
could not be used because they are less reproducible than the
volume of gas polymerized after a given time interval. Fig. 1 shows
a typical polymerization curve obtained by the duPont workers . It
is seen that the initial portion of this curve is rather complex.
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1 - Typical polymerization with a TiCl4-AlR3 catalyst at
'; 49 micromoles of TiCl4 and 180 micromoles of A1R3 in 100
of Decalin.
By limiting their measurements to the first 30 minutes of the
polymerization reaction, it is entirely conceivable that McGowan
and Ford were observing the operation of a mechanism quite different
from that observed by the duPont workers. If the composition or
nature of the active catalyst is changing during this period, and
these 7 changes involve monomer molecules, then second-order kinetics
with respect to ethylene can be understood on the basis of the
following equilibria: q
R-Ti + CH2=CH2 —^ [R-Ti®] [CH2 -CH2 ] (7)
I
' 9 I 9
[R-Ti®] [CH2 -CH2 ] + CH2=CH2 —
^
R® [Ti®] [CH2 -CH2 ] 2 (8)
' *
I
If these two equilibria are quickly established and the conversion
of T1C14 into the alkyl titanium derivative is rapid and complete
..-, . .,
• v O.
.'!*' (j\~ •' ', I--
'J
(Mr.
i \"' \
'!'l
i r ,
V '; i.LiJ •': 1.'
'
•}{,
y : .; .
' A./ ....
- 225 -
with an excess of metal alkyl present, then the overall rate of the
polymerization will be proportional to the TiCl 4 concentration and
to the square of the ethylene pressure.
None of the work described above has yielded sufficient
information regarding the exact nature of the active catalyst species.
Friedlander and Oita (39) have carried out studies aimed at under-
standing the role played by organometallics in the polymerization
of ethylene, and have concluded that the interaction of lithium and
aluminum alkyls with TiCl4 resulted in the formation of titanium
alkyls . These workers allowed TiCl4 to interact with metal alkyls
in small amounts of purified solvent. After 10 minutes of inter-
action, samples of the total material were withdrawn for qualitative
tests to determine the type of organometallic compound formed at
various component ratios. Aliquot samples of total material were
also hydrolyzed to determine the amount of TiCl4 reduced and the
valence state of the reduced material. The two qualitative tests
used for determining the type of organometallic compounds present
were Michler's ketone test, which reveals any organometallic capable
of reacting with the carbonyl group of the ketone (44), and the
Gilman-Swiss test (45), which is specific for lithium alkyls. To
determine the amount of trivalent titanium present, the hydrolyzed
reaction products were titrated with iron (ill) in the presence of
ammonium thiocyanate as indicator. In the hydrolysis of the
reaction product, any divalent titanium present is oxidized to the
trivalent form and hydrogen is evolved. Hence, any divalent
titanium present was determined by collecting and measuring the
hydrogen released.
The tests described above showed that the catalyst precipitates
formed from interaction of both lithium and aluminum alkyls and
TiCl4 contained primarily trivalent titanium. Some reduction beyond
the trivalent state was observed; the authors claim, however, that
this further reduction was minor. On the basis of these experiments,
it was concluded that the active catalyst is either a complex between
the metal alkyl and the titanium halide or is an alkyltitanium
compound. When lithium alkyls are used, the complexes involve both
trivalent and tetravalent titanium, and their presence depends on
the ratio of alkyllithium and TiCl4 . 'When aluminum alkyls are used,
the complexes or alkyls involve trivalent titanium.
Further experimental work is needed in order to reconcile these
findings with the conclusions of the duPont workers that maximum
catalyst activity is associated with titanium in an average valence
state of two. It can reasonably be concluded, however, that the
active catalyst certainly involves titanium in a reduced valence
state
.
' r.
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SUBSTITUTION AND MIGRATION IN THE AZULENE SERIES
Reported by James F. Dunphy May 8, 1953
INTRODUCTION
Azulene (I) is the parent substance of a group of coloring
matters obtained from certain essential oils by dehydrogenation.
Though these materials were known for many years, it was not until
1936 that the structure (I) was proposed and proved
by synthesis (l). Since then numerous synthetic
methods have been developed and these are the sub-
ject of recent reviews (2, 3). A recent M.I.T.
seminar summarizes the synthetic aspect of azulene
chemistry (4). The present seminar will be con-
cerned with the reactions of azulene which involve
substitution or migration on the azulene nucleus;
syntheses of azulenes will not be discussed except where they bear on
these subjects.
1 8
V>6
-/
4 5
THEORETICAL CONSIDERATIONS
The question of the aromatic character of azulene cannot yet be
considered settled. It has long been observed (10) that: 1) azulenes
react vigorously with bromine and nitrosyl chloride, yielding no
well-defined products; 2) oxidative decomposition occurs when azulene
is treated with nitric acid or potassium permanganate; 3) azulene
is readily hydrogenated in the presence of catalysts. Thus, Pommer,
as recently as 1950, asserts that azulene has no aromatic properties
and that it should be considered merely as a cyclic polyolefin (5).
Measurements of the heats of combustion of substituted azulenes, and
of their naphthalene isomers, indicate that azulene has a resonance
energy of ca. 46 kcals/mole (6). Brown has calculated the energies
required to polarize the azulene molecule in a manner appropriate for
electrophilic, nucleophilic and radical substitution (7). He pre-
dicted that electrophilic substitution would occur at the 1-position,
while nucleophiles and radicals would attack the 4-position. He
pointed out that calculations of the electron density at the various
positions led to the same predictions. On the basis of Brown's
calculations, as well as measurements of the dipole moment of
azulene (8) and of its remarkable basicity (9), it has been suggested
that azulene is best represented as a resonance hybrid of two types
of structures (II) (10). Anderson has invoked the 4n+2 rule to
HA IIB IIC IID
account for the observed resonance stability of azulene, which has a
ring of 10 ^-electrons in the perimeter of the molecule. In the case
of the structures C and D, it is postulated that stabilization is due
to 6 ^-electrons resonating among 7 17-orbitals. This concept had
been advanced earlier to explain the unusual properties of tropone
(11,12).
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DIAZONIUM SUBSTITUTION
It has been shown that azulene readily adds a proton to form an
azulenium ion. This acid-base reaction can be considered the
simplest electrophilic substitution of azulene. However, a detailed
discussion of this reaction is beyond the scope of this seminar;
most of this work has been done by Plattner and Heilbronner of
Zurich and leading references may be found in the bibliography (13,9)*
The first studies of the electrophilic substitution of azulene
were without issue, due to the fact that the methods employed were
far too vigorous, and usually led to decomposition (14).
Coupling of diazonium salts with aromatic systems is one of the
mildest of electrophilic reactions and it is therefore not surprising
that it was the first to be studied in detail. Plattner (14) had
stated that the 1,3*^*6, or 8-positions should be preferred, while
Brown, as has been stated, claimed that the 1 -position is by far the
most susceptible to electrophilic attack. A detailed study of the
behavior of various substituted bi- and polycyclic azulenes toward
diazonium salts was undertaken (15). It was found at the outset
that it was impossible to isolate the aminoazulenes formed by re-
ductive cleavage of the resulting diazo compounds. With this avenue
of attack apparently closed, Treibs undertook what he referred to as
an "elimination experiment"; he reasoned that if coupling were
possible only at specific positions of the azulene nucleus, then if
one of those positions is open the coupling reaction will occur, but
if all of the susceptible positions are occupied then no coupling
will occur. Twenty three azulenes of known structure were treated
with phenyldiazonium chloride. Those which produced an immediate
color change were considered to have coupled with the reagent, while
those which showed no color change were considered to have been un-
affected by the reagent. A representative selection of the compounds
used are gathered in Table I, with the results of this qualitative
test.
TABLE I
Positive Negative
Azulene
l,4-dimethyl-7-isopropylazulene
2,4-dimethyl-7-isopropylazulene
5,8-dimethylazulene
1 , 2-benzazulene
1 , 3-dimethylazulene
1,3-dimethylazulene carboxylate
1,2, 3-trime thylazulene
3-methyl-l, 2-benzazulene
3-methyl-l , 2-benzazulene
It is clear that those azulenes in which both the 1 and 3-
positions are occupied do not couple, while those in which either or
both positions are open, do couple.
When azulene is treated with a benzenediazonium salt under con-
ditions similar to those described for the radical arylation of
quinones (16), an azuleneazobenzene is formed rather than the ex-
pected phenylazulene (10). Reductive cleavage of the diazo compound
followed by immediate acetylation of the unstable amine gave kQ% of
N-acetyl-1-azulylamine (III), thus establishing the position of
attack of the benzenediazonium moiety as the 1-position. By this
technique Anderson has succeeded in "trapping" the elusive amino-
azulene, permitting precise chemical characterization of the product
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Because of the apparent 1-substitution it was supposed that an
electrophilic reaction had occurred, but recent work indicates
that the 1-position may be involved in radical reactions (28).
ArN;
$
FRIEDEL-CRAFTS REACTION
The first unequivocal
electrophilic substitution
by Anderson (10). When azu
stannic chloride in a large
of a slightly unstable lave
crystalline material. The
nitrobenzene (TNB) and the
analysis of these derivativ
an acetylazulene (IV). The
by conversion to methyl azu
methyl azuloate prepared by
cycloheptanone (17).
CH3
III
chemical evidence that azulene undergoes
in the 1-position was obtained in 1953
lene is treated with a slight excess of
excess (22:1) of acetic anhydride, 57$
nder oil was obtained, plus 11$ of a red
oil yielded stable derivatives with tri-
common carbonyl reagents. Carbon-hydrogen
es agreed with the values calculated for
location of the acetyl group was shown
loate (V). This was identical with
an independent unequivocal route from
Ac 2
SnCl 4
1. NaOI
2. H+""
'
IV
C0 2CH3
H02 CCH2CH >--.
V
I /
When azulene is treated with aluminum chloride and a 2:1 excess
of acetic anhydride there was obtained in good yield red needles
which were identical with the red needles obtained as a side-product
sannic chloride reaction. Analysis agreed with the values
calculated for diacetylazulene and it was assumed to
oe the lo-isomer (VI). Acetylation of 1
-acetyl-
azulene under conditions similar to those used for
acetylation of azulene gave none of the disubstituted
product. However, acetylation of both azulene and 1-
acetylazulene with acetyl chloride and stannic chloridein refluxing carbon tetrachloride gave 85$ of the0=C
CH: VI
,..i;
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diacetylazulene in each case. Though the structure of the mono-
acetylazulene was now firmly established, it still remained to prove
the structure of diacetylazulene. The structure VI was assigned as
most probable for the reason that reaction of diacetylazulene with
hypobromite gives the known 1,3-dibromoazulene (18). It had been
observed that 1-acetylazulene reacts with hypochlorite in similar
fashion to give the 1,3-dlchloroazulene (10).
NITRATION
It has long been known that, upon treatment with nitric acid,
azulene undergoes oxidative decomposition to yield yellow amorphous
materials (19)« Indeed, this was one of the reactions which for a
long time obscured the recognition of the aromatic character of
azulene. It has been found recently that nitro groups can be in-
troduced into the azulene nucleus if sufficiently mild conditions
are used. Of several procedures studied one has been found to be
particularly effective: reaction of azulene with an equivalent of
cupric nitrate in acetic anhydride gave 63$ of a red crystalline
mononitroazulene (10). It has been postulated (20) that nitrations
carried out in this manner proceed by the intermediate acetyl nitrate:
(CH3C0) 2 + N03 " > CH3CO2NO2 + CH3 C0 2
~
Reductive acetylation of nitroazulene with zinc dust and acetic
acid gave 90$ of N-acetyl-1-azulylamine (III). Beckmann rearrange-
ment of the oxime of 1-acetylazulene resulted in the same product.
By these reactions the orientation of azulene nitration has been
established as attack at the 1-position. The same reaction has
been carried out using tetranitrome thane as nitrating agent; the
yield of 1-nitroazulene from this reaction is 8l$ (l8).
No dinitroazulene was obtained when cupric nitrate or tetra-
nitromethane was used to nitrate azulene. However, the dinitro-
azulene could be prepared in fair yield from 1-nitroazulene by treat-
ment with nitric acid in acetic anhydride for one minute at C. and
5 minutes at room temperature (l8).
PLATTNER's RULES
One of the most characteristic of the physical properties of
azulenes is their absorption spectrum, particularly in the visible
region. Plattner was the first to recognize the additivity of the
spectral shifts in the visible range caused by alkyl groups on the
different positions of the azulene ring (21). His correlations of
the spectra of a large number of alkylated azulenes have become known
as Plattner' s Rules and have been indispensable in the identifica-
tion of many natural and synthetic alkylazulenes. In their simplest
form Plattner 's Rules state that alkyl substituents in the odd-
numbered positions of the azulene nucleus produce a bathochromic
shift (i.e. to longer wavelengths), while those in even-numbered
positions produce a hypsochromic shift (i.e. to shorter wavelengths).
Plattner found that these effects were independent of the nature of
*<:
.
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TABLE II
Average Shifts of Princip
Caused by Group at the l(=3)
Group S-* A max .
•COCH3
-CO2CH3
N0 2
-NHCCCH3
-43
-36
-40
+41
of substituents other than al
ing tables are gathered data
various 1- and 1,3-supstitute
the alkyl substituent and were
al Peak more pronounced if the group
Position were on the 5-membered ring.
Since the position of the
maxima in the visible region
is affected by changes in the
solvent, careful attention
should be given to the solvent
by anyone who makes use of
these correlations. The effect
kyl has been studied. In the accompany
-
obtained by Anderson from a study of the
d azulenes which he has prepared (18).
TABLE III
Absorption Maxima of 1,3-Disubstituted A2Ulenes
A max. (calcd.
)
a max. (obs.
)
492 498
506 511
499 498
502 503
583 583
576 575
660 653
498 488
Groups
-COCH3, -COCH3
-CO2CH3, -CO2CH3
-COCH3, CO2CH3
-CO2CH3, -NO2
-CO2CH3, -NHCOCH3
-COCH3, -NHCOCH3
-NHCOCH3, -NHCOCH3
-NO2, -NO2
The calculated values were obtained by addition of the
appropriate value in Table II to the observed value for
azulene (A max. 578).
NUCLEOPHILIC SUBSTITUTION
The behavior of azulene towards nucleophilic reagents has been
the object of relatively little study; the first papers dealing with
this phase of azulene chemistry have appeared only within the past
year.
It has been pointed out that azulenes can be considerd as
possessing fulvenoid character (22). Since it had been shown that
organometallic compounds readily add across the double bond of
fulvene (23), it was suggested that the same reaction may occur in
the azulene series. Metal alkyls and aryls do in fact react readily
with azulenes, causing a decolorization of the solution (24). Hy-
drolysis and dehydrogenation yield the substituted azulene. The re-
action has been formulated thus:
MR
—>
The orientation of the substituent in the 4-position has been con-
firmed by conversion of azulene to the known 4-methylazulene via
methyllithium.
•i 4
:r
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Alkali metal alkyls and aryls, as well as complexes of alkali
alkyls and aluminum trialkyls are effective alkylating agents, but
Grignard reagents, magnesium dialkyls and aluminum trialkyls are in-
effective.
Azulenes which are already substituted in the 4-position lead
to 4,8-disubstituted azulenes, but the latter do not react further.
This preference for substitution of the anionic organic moiety at
the 4- or 8-position is advanced as confirmation of the prediction
of nucleophilic attack at the 4-position, as v/ell as of the aromatic
character of azulenes. Apparently, the failure of the reagent to
attack other positions of the 7-membered ring is taken as evidence
for the latter remark. When 4,8-diphenylazulene is
treated with a mole of phenyllithium, the color of the
solution is discharged, but hydrolysis and dehydrogena-
tion lead to quantitative recovery of the starting
material. A structure such as VII could not be dehydro-
genated to an azulene.
VII
When 1-isopropylazulene is treated with methyllithium, hydrolyz-
ed and dehydrogenated, an uncharacterized isopropylmethylazulene is
obtained which, upon reaction with another mole of reagent yields
vetivazulene. Since at no time did the temperature rise above that
of boiling ether, this migration
ditions. The problem of at what
occurs is being studied.
occurs under
stage of the
extremely mild con-
reaction the migration
A nucleophilic substitution reaction has recently been shown to
occur at the 4-position when ethyl 4-methoxyazulene-6-carboxylate is
hydrolyzed in ethanolic KOH (25). An ether interchange reaction
occurs and 4-ethoxy-6-azulene carboxylic acid is formed. Neither
ethyl 5-methoxyazulene-6-carboxylate nor 4-methoxyazulene undergoes
such a reaction. To account for the apparent necessity of the
carbethoxy group in this reaction the authors have proposed a
mechanism in which resonance structures such as VIII contribute to
the stability of the intermediate. However, an inspection of this
mechanism reveals that while a carbethoxy group at the 5- or 7-
position might behave in this way, it is impossible to write such a
structure for the 6-isomer. The ether interchange reactions were
carried out on a compound which the authors had established as the
6-carboxylate by a study of the visible absorption spectra of the
three esters obtained when 4-methoxyindane (IX) was treated with di-
azoacetic ester.
OR
^ «-*
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Reaction of azulene with methoxide ion leads to degradation of
the azulene nucleus. Sodamide reacts with azulene to give a red
material whose solutions are stable for a few hours, but which de-
teriorates rapidly in the solid state. The visible spectrum of the
freshly prepared solution shows a hypsochromic shift of 75 mu. This
is consistent with 4- or 6-substitution; the former is likely but
not certain (25). In this connection it should be pointed out that
Anderson, while investigating an improved synthesis of azulene via
4-ketob"ctahydrcazulene (26), observed an extremely unstable red oil,
which gave a color change with dilute ferric chloride solution and
reacted with benzoyl chloride. He assumed that it was 4-hydroxyazu-
lene. Thus it seems that placing electropositive groups such as
-OH and -NH2 on the 7-membered ring produces extremely unstable
compounds.
Attempts to prepare alcohols from 3-formyl and 3-acetylguai-
azulene by means of Grignard reagents or lithium aluminum hydride
have failed (27). This may be due to attack of the azulene nucleus
by these nucleophilic reagents, but no products were isolated.
RADICAL SUBSTITUTION
Anderson has recently published a preliminary communication in
which he describes the reactions of azulene with several radical
producing substances (28). He reports that only 1-substituted
azulenes are isolated. This is in agreement with the work of Arnold
(29), who obtained 1-phenylazulene by treating azulene with N-
nitrosoacetanilide. On the basis of these results doubt may be cast
on the ionic mechanism proposed for the reaction of azulene with
benzenediazonium chloride (10).
MIGRATIONS ON THE AZULENE NUCLEUS
Migration of alkyl substituents from the 1- to the 2-position of
azulenes has been observed from time to time (2). Further examples
of this type of migration have been discovered recently and some
insight has been gained into their nature and causes.
While attempting to prepare 1-phenylazulene from 1-phenylindane
by dehydrogenation of the ring-expanded intermediate over palladium-
charcoal, it was observed that considerable quantities of an isomeric
phenylazulene was obtained (30). The two isomers differed in their
adsorption on alumina and were easily separated chromatographically
.
An examination of the visible spectra of these materials indicated
that 1-phenylazulene was formed as expected, but that partial migra-
tion of the phenyl group had occurred and that 2-phenylazulene was
formed in small quantities. The spectrum of 1-phenylazulene was
practically identical with that of 1-methylazulene, whereas the 2-
isomer exhibited the pronounced hypsochromic shift characteristic
of alkyl groups in even-numbered positions. The identity of the 1-
phenylazulene was further established by independent synthesis from
8-phenylbicyclo[5. 3-0. jdecadiene, using sulfur as dehydrogenation
catalyst at 200°C. Under these conditions migration does not occur.
Evidence that the migration occurred during or after the dehydro-
genation step (as opposed to rearrangement of some intermediate in
the synthesis of the starting material) was obtained by heating
authentic samples of pure 1- and 2-phenylazulene in an evacuated tube
under a variety of conditions, extracting the residues with benzene
and chromatographing the solutions obtained. Results of this ex-
periment are recorded in Table IV:
.'
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Isomer
2
-phenyl
1
-phenyl
1
-phenyl
1
-phenyl
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Table IV. Isomerization of Phenylazulenes
Amount Temp. c C
2 mg.
10 mg.
35 mg.
35 mg.
350
350
310-320
290-300
Time
30 min.
30 min.
30 min.
30 min.
1
-phenyl
*
9.0 mg.
31.0 mg.
2-phenyl
1.8 mg
.
2.2 mg.
*The isomer was visible on the column but was not present in
sufficient quantity to work up.
It is clear that migration can occur in either direction, but
the 1 2 shift predominates.
The only example of migration known to occur from one position
of the 7-membered ring to another position on the same ring also
involves the phenyl group (31). When 2-phenyibicyclo[5. 3.0. ]decene
is dehydrogenated over sulfur, the expected 4-phenylazulene is ob-
tained with no complications. When the dehydrogenation is carried
out over palladium-charcoal at 390-400°C, followed by recovery of
the azulene fraction with 85$ H3PO4 and chromatographing of a
petroleum ether solution, four different colored zones are observed.
One of these zones was shown to contain azulene and biphenyl . The
remaining three azulenes were characterized as 4-, 5-, and 6-phenyl-
azulene. The 4- and 5-isomers were identical with samples prepared
via S -dehydrogenation, but the 6-phenylazulene has not been es-
tablished with certainty. The occurrence of azulene and biphenyl was
quite unexpected and the following mechanism has been advanced to
explain their formation:
- > 0-0
H-
Two azulyl radicals could conceivably couple to form biazulyl. How-
ever, all attempts to prepare biazulyl from dihydrindene resulted in
the formation of azulene, pointing; to the instability of the bi-
azulyl under these conditions (32;. Pommer assumes that the azulyl
radical abstracts a hydrogen atom from the palladium-charcoal cata-
lyst. The proposed mechanism seems to be the only way to account
for the formation of biphenyl, which is quite stable at the tempera-
tures employed.
The behavior of the 3-phenylbicyclo[5.3.0. ]decene under these
conditions is in marked contrast to that just described for the 2-
isomer. 5-phenyiazulene is recovered exclusively. The explanation
may lie in the fact that the 5-azulyl radical is much less stable
than the 4-azulyl radical.
That steric hindrance may be a factor in azulene migrations has
been suggested (31*33)- A comparison of the UV spectra of the
phenylazulenes
pared with the
hindered), the
decrease of the
lends support to this suggestion (31). When corn-
spectra of 2- and 5-phenylazulene (supposedly un-
spectra of 1- and 4-phenylazulene exhibit a definite
molar extinction as well as a shift of the absorption
; i,
- 2h r-o -
maxima to shorter wavelengths, both of which point to the possibility
of steric inhibition of resonance, arising from deviations of the 1-
and 4-phenyl groups from coplanarity (3 j0.
The migration of an isopropyl group from the 3-position of
guaiazulene has been observed (35). Guaiazulene (X) was treated with
acetyl chloride and aluminum chloride; the 3-acetylguaiazulene ob-
tained was converted to the 3-isopropenyl derivative (XI) via
dehydration of the tertiary alcohol which resulted when the acetyl
derivative was treated with CHsMgl. Dehydrogenation of the 3-iso-
propenylguaiazulene over palladium-charcoal produced a mixture of
azulenes which were separated via their TNB complexes. An examina-
tion of the visible spectra of these compounds confirmed their
structures to be those indicated:
+ + ><d
XII XIII
Table V
Compound ^v max. (pet, ether)
guaiazulene (X)
2-isopropyl (XII
)
2-isopropenyl (XIII
3-isopropenyl (XI
)
urn iodide. The mi
the reaction condi
Thus, the new alkyl group of XI
must be in an odd-numbered position
while those of XII and XIII must be
in an even-numbered position. Com-
604 pound XIII was shown to be identical
538 with the rearranged product obtained
582 by dehydrogenation of the tertiary
620 alcohol prepared by reacting a-
kessyl ketone with isopropyl magnesi-
gration described here is another example in which
tions are Quite mild.
Herz has isolated vetivazulene from the dehydrogenation of I-
isopropyl -$-,*?-dime thylindane (36). However, the fact that the
trimethyl analogue is dehydrogenated without migration, is in
contrast to Pommer's steric hindrance picture.
Vetivazulene
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ANOMALOUS REACTIONS OF ARYLMETHYL GRIGNARD REAGENTS
Reported by W. C. Rife May 12, 1958
INTRODUCTION
Because of their utility, increased by the availability of chloro-
methylation products, a review of the reactions of arylmethyl Grignard
reagents in which unexpected substitution occurs seems desirable. In
addition, the use of these unusual reactions as synthetic steps has
shown some promise, although the cases characterized by high yields
have been few. These reactions have been utilized in studies on
allylic Grignard reagents and in investigations on aromatic character;
they have also contributed to an understanding of similar reactions of
arylmethyllithium compounds
.
GENERAL CONSIDERATIONS
(Note: In the following equations indicating Grignard reactions, two
steps have been omitted for present purposes and should be assumed
present in each case. These are: (l) the formation of the Grignard
reagent from the corresponding halide and (2) the hydrolysis of the
carbonyl-halomagnesium complex to yield product.)
Since Tiffeneau and Delange first discovered the formation of
o-tolylcarbinol (i) from benzylmagnesium chloride and formaldehyde
Tl) many similar reactions have been cited.
/JHsMgCl £Hs
+ CH2 -> ff*l
^^^ CH2OH
(I)
Benzylmagnesium halides have been shown to react in the anomalous
manner with formaldehyde (1,9,11,12,17,23), ethylene oxide (4,8,9),
chloromethyl ethers (7,9), acetyl chloride (8,9,17), benzoyl chloride
(9), methyl chloroformate (9), ethyl chloroformate (8,9), ethyl form-
ate (8,9), acetic anhydride (9), and chloroacetic anhydride (9),
yielding o -substituted toluene derivatives; several of these reagents
yielded the corresponding p-compounds as well. Other Grignard
reagents which have been shown to give anomalous substitution products
have been derived from o-methylbenzyl bromide (15), m-methylbenzyl
bromide (l8), p-methylbenzyl bromide (15), o-chlorobenzyl chloride
(9), 2,6-dichlorobenzyl chloride (9,17), a-naphthylmethyl chloride
(4,6), 3-furylymethyl chloride (20), 2-thenylmethyl chloride (21,22),
3-thenylmethyl bromide (16), 2-thianaphthenylmethyl chloride (25), and
3-thianaphthylmethyl chloride (26). The products of these anomalous
reactions are commonly compounds in which substitution has taken place
o- to the point of attachment of the aryl group to the methyl Grignard
segment. In some reactions, however, p-substitution has been observed,
and in at least one reaction the substitution is exclusively p- (4,8).
•
.
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CH2MgCl
+ CH2-CH2
CH3
6h2CH20H
In most, but not all reactions some of the normal product is also
found to be present. Di -substitution (normal and o-) has been re-
ported also, and will be discussed later.
The usual Grignard procedure has been used invariably in the
preparation of these compounds, except that in some reactions reverse
addition (i.e., addition of the Grignard reagent to the carbonyl com-
pound) has been found to favor the abnormal product. Identification
of the products, where these are not known compounds, has usually
rested on molecular weight determination, elemental analysis, and
permanganate oxidation; a carboxyl group appears at each point of sub-
stitution in the oxidized product, revealing the site of reaction.
For example, the product of the reaction performed by Tiffeneau
and Delange, o-tolylcarbinol, is oxidized by this procedure to
phthalic acid, whereas, if normal substitution had occurred, only
benzoic acid would be expected.
Independent syntheses of reaction products has been utilized also
and in recent work, spectroscopic evidence has been cited.
STRUCTURAL REQUIREMENTS OF THE GRIGNARD REAGENT
The structural requirements of the Grignard reagent which will
allow o- or p-substitution are observed to be the following:
The halomagnesium group must be attached to a methylene carbon
atom. The following Grignard reagents do not react under conditions
either of normal or reverse addition (3,15)
•
,£H=CH-CH2
MgCl
CH-CH=CH2
fcgCl CH2
No o- or
p-substitution
X^Ha + CH2
.CH-CH3
CH2OH
The methylene carbon atom must be attached directly to an aromatic
nucleus. (Allylic Grignard reagents, such as cinnamylmagnesium
chloride, shown above, also give unexpected substitution but these
will not be considered further here). The following reactions
illustrate these limitations (8).
v :.<".r
-*>
\. ; . • • j i
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£H2CH2MgBr
+ CH2
.CH2CH2CH20H
£H2MgBr
+ CH2
V TJH2CH2l 0E
In all cases substitution occurs at o- or p -positions which are not
already substituted in the Grignard reagentT
Some limitations may also be placed on the compound with which
the Grignard reagent reacts . With two exceptions the attack is at a
carbon -oxygen double bond.
With benzyl, substituted benzyl, and a-naphthylmethylmagnesium
halides, ketones and esters of acids other than formic do not react
in the abnormal manner. The reactive compounds fall under the follow-
ing headings: diethyl sulfate (28), carbon dioxide (l8), acid chlor-
ides, acid anhydrides, derivatives of formaldehyde (including
R-0CH2 -x), formic esters, and aromatic and aliphatic aldehydes (9,10,
13). Grignard reagents in which the aryl group is heterocyclic add
ethyl benzoate to this list (25).
MECHANISM
Gilman first suggested a rearrangement of the Grignard reagent
prior to reaction, a scheme involving a double 1,3 -shift (3).
H2MgX ^H3
^?gX
CH2 O £H3N^OH
If this were the case, o-tolylmagnesium bromide would be expected to
yield, by the reversal of the above equilibria, products correspond-
ing to the benzyl Grignard reagent. Despite repeated efforts, none
h.r.3 ever been found (9*17). Gilman later modified this scheme to
one in which the second 1,3 -shift was postponed until the hydrolysis
of the product -magnesium halide complex (8).
^,CH2MgX
J *=»
CH2
CH2
<-
XJH2OH \;h2oh
The rearranged form of the Grignard reagent should be susceptible to
bromination to yield o-bromobenzyl bromide;
: :" J '.-i.r.'i .
J i
,'•
-•.
>
i'
.'. i
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.CH2
MgX
2Br: HBr.
CH2Br
Only benzyl bromide, resulting from the unrearranged form of the Grig-
nard reagent, has been found (8,9). Gilman suggested in this respect,
however, that fast reaction of bromine with the normal form of the
benzylmagnesium bromide and rapid shifting of all the above equilibria
to the left would account for this..
The most widely accepted mechanism has been suggested by Johnson
(13,29) and modified by Siegel (l4,23). This scheme has been tied in
with the "transient chelation" theory. The normal course of reaction
of benzyl Grignard reagents followed, for example, when ketones are
used as the carbonyl compound, is represented in the following equa-
tions .
4\ I
0(C 2H5 ) 2
-CH2 -Mg-X
«4f
R-C=0
1
R
0(C 2H5 ) 2
(II)
R
1
C^-f"2 0(C 2H5 )
R-C-O-Mg-X
R 0(C 2H5 )
H2
~Y-CH2 -<p-OH
An unshared electron pair of the carbonyl oxygen atom coordinates with
the magnesium of the Grignard reagent to yield complex II. This coord'
in'j.tion promotes the formation of increased negative charge on the
methylene group at the expense of the carbon -magnesium bond, and in-
creases the polarity of the carbonyl group. Bonding then occurs be-
tween the electron-deficient carbonyl carbon atom and the electron-
rich methylene carbon atom. The magnesium atom bonds to the carbonyl
oxygen atom and also coordinates with an additional molecule of sol-
vent. Hydrolysis yields the product.
The formation of the abnormal product when the Grignard reagent
is treated with formaldehyde may be pictured as follows:
,—^ 0(C 2H5 ) 2
V
—
'J —^Mg
fi-r "x
'CH2=0
P(C 2H5 )
0(C 2H5 )
--» vJ
-1
>=CH2
-H 0(C 2H5 ) 2
4,
Oh o-Mg-x
6(C 2H5 ) 2
H2
VHz-O-m-Xfig
5T
XH2OH
C 2H5 )
The mechanism when acid chlorides, acid anhydrides, and chloro-
fcrmates are used may be shown as
:
Z is alkyl, aryl, or alkoxide
Y is halogen or RC02
...
>•
':.- ( !. .'
•
'
'
•
v\
Y-C=0
i
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CH2 /°( C 2H5) 2
^\g 0(C 2H5 ) 2 .
\ \
X
/ \-=ch2V—jC^j 0(C 2H5 )
Y-C-0 - Mg-X
Z 0(C 2H5 ),
H2
/, \\ CH3 \^/
2 S(C 2H5 )
V-CH3
:=o
MgOHX
+ H^ + Y9
The anomalous reactions involving chloromethyl ethers and carbon
dioxide may be treated by a suitable modification of the above schemes.
The empirical requirements for certain structural features in the
Grignard reagent noted above may be discussed in relation to this type
of mechanism. The effect of substitution on the carbon atom to which
the magnesium atom is attached would be to increase the intrinsic neg-
ative charge at this point by hyperconjugation. This might cause
attraction of the carbonyl carbon to this site prior to reaction, fav-
oring formation of the normal product. The requirements for direct
attachment of the methyl Grignard to an aromatic ring are obvious.
Since the aromaticity of the ring is interrupted in the course
of the abnormal reaction, the abnormal product should be favored by
rings having low resonance energy. This has been verified by Johnson,
who has shown that the following order corresponds both to increasing
resonance energy of the ring and to decreasing tendency of the methyl
Grignard reagent to undergo o -substitution: (22) 3-furfuryl, 2-thenyl,
benzyl, 2-picolyl.
Picolyl Grignard reagents, in fact, do not give the abnormal sub-
stitution product, but Gilman has observed a similar reaction involv-
ing 2-picolyllithium (19)
O
1
+ CH3-C2
(J-CH3
CH2 -Li
tf^^CHs
According to the above series, furfuryl Grignard reagents are
the most reactive. In this respect it is interesting to note that the
following reaction, which does not occur at all with benzylmagnesium
chloride, yields 90$ of the abnormal product (20).
[f
yCH2MgCl CH3
+ CO:
/
^O""*Nx^H
Thenyl- (ll) and thianaphthyl - (25) methyl Grignard reagents have been
investigated by Gaertner and are found to give unusually good yields
of the abnormal product. The Grignard reagent from 2 -chloromethyl
-
thianaphthene is so favorable to abnormal substitution that the only
carbonyl compound with which normal reaction has been shown to occur
is benzoyldurene. This reaction is of interest in a second respect.
.
Benzoyldurene has been shown to react with benzylmagnesium chloride
to yield only p-benzylphenyl duryl ketone, the product resulting from
1,6
-addition. This reaction course was attributed to steric hind-
rance (30). The reaction with 2-thianaphthylmethylmagnesium chloride
would be expected, on this basis, to lead to p-3- (2-methylthianaphthyl)
-phenyl duryl ketone (ill), the product corresponding to abnormal
1,6
-addition. The sole product of the reaction proved to be 1 -phenyl
-
1
-duryl -2- (2
-thianaphthyl) ethylene (iv), the product resulting from
normal 1,2-addition followed by dehydration (25).
p
C|* QH3
CH3 CH3 r/ ^O^
,
//
71 +0$Jr~sk ^ UiTiP
lidgci
/
—
x
\
CH3 CH3
CH3 CH3
CH3
CH3 CH3
The Grignard reagent from 3-chloromethyithianaphthene reacts simil-
arly (26).
DI-ADDITION REACTIONS
With aldehydes other than formaldehyde, di -addition products may
be obtained. Increasing the proportion of the aldehyde favors these
abnormal products. These facts have led Siegel to propose the follow-
ing mechanism (l4,23).
CH2 . I ^
<^^y^ NMgci 0(C 2H5 )
H-C-R
\\
O-Jg-Cl & CHsMgCl^
6(C2H5 ) 2
R H
C .
CH2
© 6
v w-rgCl
i
R
O Aj
^(C 2H5 ) 2
\ 7
CH29'
i
R
^
H
b
O-Mg-Cl
0(C 2H5 )
O(CaHs).
L '...--•
U
£• • •-'
'**, v>
<•.'•
RCH2 -iH-09 . I JR
"^ CH-O-MgCl
o(c 2hs ) 2 - r ji * Hgo.^ r jj !
'6(C 2H5 ) 2 R R
It is proposed in support of this mechanism that when the magnesium is
coordinated by two carbonyl oxygen atoms there is an increased ease of
formation of a relatively free benzyl carbanion, which can more read-
ily yield the resonance form bearing the o-negative charge . Reactions
utilizing tritium-substituted Grignard reagents have supported the
above step in which the active o-hydrogen is removed by a second mole
of Grignard reagent (27).
The observed p-rearrangements have not been treated in any of the
mechanistic schemes.
SYNTHETIC APPLICATIONS
In addition to those cases in which the product of the abnormal
reaction or its permanganate oxidation product is itself the desired
compound, some use has been made of these reactions in synthetic work.
Newman has used the reaction of Tiffeneau and Delange in a step in
the synthesis of 4,5-dimethylchrysene (ll), and Gaertner has utilized
an abnormal substitution product in the Willgerodt-Kindler reaction
to yield 3- (2-methylthenyl) acetic acid (21 ).
CH2
8-CH3 / \)H
/
i
1
S \H3
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ACRIDIZINIUM ION SALTS
Reported by R. L. Harris
INTRODUCTION:
May 15, 1958
This seminar will include the structure, synthesis, and reac-
tions of the simple acridizinium ions. The chemistry of quJnolizi-
nium ions villi be discussed only to allow comparison with the
acridizinium system; the chemistry of the complex alkaloids contain-
ing the acridizinium nucleus will not be covered.
The acridizinium ion (I), or benzo[b]quinolizinium ion, repre-
sents the nitrogen analog of anthracene in which the nitrogen atom
occurs at a bridgehead position. The synthesis of the first simple
acridizinium ion was reported by Bradsher and Beavers (1) in 195^
•
This nucleus previously had been known to occur in certain alkaloids,
though not usually as the fully aromatic system. Examples of such
alkaloids are: the Berberine alkaloids (2,3), sempervirine (4,5,6),
coralydin (7), and cryptopleurine (8). Little was known regarding
the chemistry of this ion previous to this time, all available
information having been gained from the study of the alkaloids
containing this nucleus.
The acridizinium ion is the linear benzolog of the quinolizi-
nium ion (II), synthesis of which was reported by Boekelheide and
Gall (9) in 195^. The quinolizinium nucleus is contained in a num-
ber of alkaloids in addition to those listed above (9,10,11).
SYNTHESIS AND STRUCTURE:
Since the method of synthesis of the acridizinium derivatives is
not an extension of the synthesis of quinolizinium compounds, both
methods will be illustrated. The quinolizinium synthesis of
Boekelheide and Gall is shown first, being the simpler system.
+ EtOCH 2CH 2CHO
CH 2Li
7 ^^JNt^^ 3
6 I~4
^Pd/C
-> CH 2—CHOH
N^ CH 2
EtO—CH 2 * HI
* K2C03
,Ac 2
II
An extension of this synthesis has been used by Richards and
Stevens to prepare substituted quinolizinium derivatives (12).
The method of Bradsher and co-workers is that of cyclodehydra-
tion, which had been employed previously for various syntheses of
many compounds, especially phenathrene derivatives (13). The
general outline is as follows:
>
-
:
-
:''
:
V •
'
:
1 *\; .
,.
"
.':• ./" .
'
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- 257 -
r^ 'N
BrCH 2 -—
CHO
R
The general method of synthesis involves treatment of pyridine-
2-aldehyde with the appropriate benzyl halide, this mixture being
allowed to stand at room temperature for periods up to three weeks
until quaternization occurs. The product at this point usually
resembles a dark glass. The crude material is then heated under
reflux in 48-percent hydrobromic acid and in an atmosphere of
nitrogen for varying periods of time to effect cyclizatlon. The
reaction mixture is then evaporated under reduced pressure; a solu-
tion of the product in hot water is decolorized, and the salt is
crystallized in an ice bath. Yields range from 37 to 75 percent.
The compounds produced are highly colored and generally fluo-
rescent in ethanol solution. The ultraviolet spectrum indicates
a high degree of conjugation; the absorption extends further into
the visible region than that of anthracene.
By this general method, a number of substituted acridizinium
ions have been synthesized. These are: 7-methylacridzinium
bromide (14), 9-methylacridizinium bromide (14), benzo [h]acridi-
zinium bromide (15), benzo [j Jacridizinium bromide (15),
dibenzo[h, j jacridizinium bromide (15)* 8-methoxyacridiznium chlo-
ride (16), 8-hydroxyacridizinium bromide (16), 7,8-dimethoxy-
acridizinium perchlorate (16), 8,9-methylenedioxyacridizinium
bromide (16), and 7,8-methylenedioxyacridizinium bromide (16).
In addition, by the use of 1-isoquinoline aldehyde rather than
the pyridine aldehyde, a number of benzo [a jacridizinium ions had
been prepared (2). These compounds were made in an effort to
relate them to the protoberberine alkaloids. The general structure
(III) of these alkaloids is illustrated below. The table illus-
trates the various benzo [a jacridizinium salts (IV) prepared (2):
III IV
•'"
r
.1
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TABLE I
Benzo [a]acridizinium Salts (IV)
R R» R R«
H H CH3O CH3
CH3 H -O-CH;2-0-
It might also be mentioned at this point that a similar
synthesis illustrated below makes possible the preparation of
benzo [a]quinolizinium salts (V), which are closely related to the
benzo [bjquinolizinlum or acridizinium salts (17, 18)
.
N v- /CH2-CO-R
\-7
(R = CH3 ,^)
V
In this synthesis, the carbonyl group involved in cyclization
is part of the halide used in quaternization rather than the
heterocyclic compound.
Generally, the synthesis of the acridizinium salts involves
more strenuous conditions than those necessary for the analogous
carbocyclic compounds, due to the inactivating effect of the nitro-
gen in the ring during the cyclization step of the synthesis. It
was necessary in one instance to convert from the iodide salt to the
chloride, since the iodide was oxidized to iodine under the vigorous
reaction conditions (17). It was also found that steric factors
have some influence, since it was not found possible to cyclize
1
-phenyl -2-acetonylisoquinolinium bromide or N-acetonyl-6-
phenylanthridinium bromide even by the use of concentrated sulfuric
acid (15). This was believed to be caused by the interference of
the hydrogen atoms attached to the two ortho-positions of the phenyl
group with that at the 8-position of the isoquinoline ring, which
would impede the attainment of the coplanarity necessary for
cyclization.
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Presence of alkoxyl groups ortho or para to the position at
which cyclization occurs was found to facilitate the ring closure.
These effects were noted during the synthesis of the methoxy
acridizinium salts. Cyclization was realized in high yield with
these salts in as little as fifteen minutes, as compared with 20
to 50 hours with alkyl substituted compounds (16).
One example of ether cleavage was observed in synthesis of the
methoxy acridizinium salts. This occurred only with a monomethoxy-
benzyl halide, while dimethoxy- and methylenedioxybenzyl halides
underwent reaction in the normal manner with hydrobromic acid with-
out ether cleavage. By the use of hydrochloric acid as the agent,
cyclization without cleavage could be obtained. Again, treatment
of the monomethoxyacridizinium salt with hydrobromic acid after
formation by the use of hydrochloric acid resulted in ether
cleavage, which occurred in three minutes.
The structure of the acridizinium salts has been shown in two
ways. Acridizinium bromide produces phthalic acid when oxidized with
potassium permanganate (14-). In catalytic hydrogenation four moles
of hydrogen were absorbed, to give the hydrobromide of benzo[c]
azabicyclo[4.4.0]decane, the picrate of which was compared with an
authentic sample (19).
PHOTODIMERIZATION OF ACRIDIZINIUM BROMIDE:
Since the acridizinium salts are nitrogen analogs of the
anthracene system, it might be expected that certain types of
reactions might occur with both compounds. This analogy cannot be
carried far, of course, since the presence of the heterocyclic
nitrogen atom has a considerable influence on the properties of the
compounds. It has been found, however, that acridizinium bromide
will indeed undergo a photodimerization reaction similar to that
which takes place with anthracene (20).
When acridizinium bromide monohydrate was exposed to irradia-
tion by sunlight or from a sun lamp, it was converted to a higher
melting, less soluble compound (VI) lacking the yellow color or
fluorescence characteristic of the starting material. The ultra-
violet spectrum of the Irradiated product indicated that the con-
jugation characteristic of the acridizinium sj/'Stem was no longer
present . Photooxidation was ruled out since there was no increase
in weight during irradiation, and analysis indicated that the
product had the same elemental composition as the starting material.
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oThe product was shown to be a salt and, when heated to 100
with 6 N nitric acid, was converted to the nitrate salt. Catalytic
reduction of the irradiated products with platinum oxide produced
a salt of benzo[c]azabicyclo[4.4.0]decane, mentioned earlier in the
abstract as the reduction product obtained from acridizinium bromide
under similar conditions.
Since anthracene derivatives undergo photodimerization under
conditions similar to the above (21), it was thought probable that
an analogous reaction had taken place with the acridizinium salt.
The photodimerization of anthracene is known to be reversible in
solution, and a similar effect was noted for the acridizinium
product. After standing for ten days, an ethanol solution of the
irradiated product showed a faint fluorescence, and when subjected
to spectroscopic examination, was found to exhibit absorption
characteristic of the acridizinium ion, though of much lower
intensity due to the lower concentration. It was then found that
refluxing the irradiation product (VI) for eighteen hours in 95-
percent ethanol produced acridizinium bromide in 82-percent yield
(20). The crystalline irradiation product underwent no change when
heated for 24 hours at 75 degrees. Boiling point elevation measure-
ments in absolute ethanol also indicated that the product had a
molecular weight of twice that of acridizinium bromide. An increase
in boiling point during the measurements indicated once again that
dissociation of the dimer was taking place.
Since the acridizinium ion is unsymmetrical, several isomeric
forms of the me so-connected ion are possible. Structure VI was
believed to be the most likely In that it permitted maximum separa-
tion of like charges. It is possible that an X-ray crystallographic
analysis of the dimer will become available which should indicate
more about the structure of the compound.
DIELS-ALDER REACTIONS OF ACRIDIZINIUM BROMIDE:
A second reaction in which acridizinium bromide reacts in a
manner analogous to anthracene is the Diels-Alder reaction. This is
a somewhat unusual case considering the reactions of other nitrogen
compounds in the Diels-Alder reaction. It has been shown In almost
every condensation studied, concerning reaction of heterocyclic
dienes which contain nitrogen as a member of the ring, that abnormal
diene reactions occur (22). The Diels-Alder reaction of acridizi-
nium bromide appears to be the first instance in which the diene is
a quaternary salt, and also one of the few heterocyclic nitrogen
dienes undergoing a normal diene reaction.
As examples of compounds that do not give adducts with maleic
anhydride, the following may be mentioned: 2,4-dimethylbenzo[h]
quinoline (23), 1, 2, 3,4-dibenzophenazine (24), and the azine of
indanthrcne (25). Examples exhibiting abnormal products are:
pyrroles (22), dehydroindigo (26), anthranil (27), and 2,3-
dimethylquinoxaline (27). The only other example of normal reac-
tion is that of 2,4,10-trimethylbenzo[g]quinoline, which yields a
normal adduct with maleic anhydride (23). The nitrogen atom in this
base, however, is not a part of the ring directly involved in adduct
formation.
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The reaction betv:een acridizinium bromide and maleic anhydride
is believed to yield the product (VII) shown (28):
Br'
E
-ccx^
CO /
H CH
CO
When I is heated with maleic anhydride on a steam bath, a
colorless non-fluorescent salt is formed. The infrared spectrum
exhibits the characteristic anhydride double absorption in the
carbonyl region and the ultraviolet spectrum resembles that of the
photcdimer previously discussed.
Opening of the anhydride ring with dilute perchloric acid
yielded what is proposed to be the cis -dicarboxylic acid salt.
Treatment of this salt with hydrogen and platinum oxide yielded a
product in which the double bonds of the heterocyclic ring were
reduced. When ethyl fumarate or ethyl maleate served as the
dienophiles, the same product was obtained in both cases. This
compound was believed to be the trans -diethyl ester and its forma-
tion was explained by the assumption that isomerization of maleate
to fumarate ester had taken place before reaction with the diene.
By esterification of the cis -dicarboxylic acid obtained from
the maleic anhydride adduct, an isomeric diethyl ester of the above
acid was obtained, indicating further that the product of fumarate
or maleate reaction was the trans -ester. Methyl maleate gave a
dimethyl ester which was isomeric with that formed by direct
esterification of the cis -diacid with methanol. Since the quater-
nary ammonium ion is unstable in the presence of bases, it was not
found possible to carry out an isomerization of the cis-ester to
the trans -form by alkoxide ion.
Because of the unsymmetrical nature of the acridizinium ion,
two adducts with maleic anhydride should be possible, with the
anhydride ring inclined toward the benzenoid ring in one and in the
direction of the pyridinium ion in the other. The course of the
reaction in this respect was not established, so the exact
stereochemical structural formulas of the products are not known.
Acridizinium bromide also gives a mixture of products with
acrylonitrile, which is to be expected because of unsymmetrical
nature of both the diene and dienophile. One pure product was
isolated, but which isomer it may have been was not determined.
It was also found that acridizinium bromide did not yield an
adduct with quinone.
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NUCLEOPHILIC AROMATIC DISPLACEMENTS
Reported by H. Gruen April 18, 1958
INTRODUCTION
The field of aromatic nucleophilic reactions has received much
less attention than the corresponding one of electrophilic substitu-
tions. The reasons for this are varied, one important one being the
relative difficulty in carrying out substitution reactions in non-
activated systems and in displacing hydrogen as hydride ion, although
this may be shown to be quite facile in more complex systems.
The mechanism picture shows much of the ambiguity encountered ir.
aliphatic nucleophilic substitution, and it is only recently that a
more critical approach with regard to the details of possible
reaction paths has been initiated. The general review by Bunnett
and Zahler (l) is an eminently useful one, and since then an M.I.T.
seminar (2) has dealt with this topic,
MECHANISM
The mechanistic picture is best analyzed in terms of possible
limiting structures of the transition state.
1 ) in which essentially only bond-making has occurred;
2 ) in which nearly equal bond-making and bond-breaking have
taken place;
3 ) in which bond-breaking only has occurred significantly;
h ) the addition - elimination mechanism.
Only the first two will be considered in the present discussion* the
third represents the mode of decomposition of most aromatic
diazonium compounds, and the fourth leads to formation of a neutral
"benzyne" intermediate which then adds the nucleophile.
The extreme structure of the transition state for mechanism 1)
would be almost quinonoid in character for which t here is no
adequate analogy in aliphatic nucleophilic displacement. Mechanism
2) resembles the "N" mechanism in aliphatic substitution at a satu-
rated carbon atom and 3) > the "LIM" or SI mechanism.
It may be demonstrated that essentially all nucleophilic
reactions studied may be fitted into the range between mechanisms 1)
and 2), The existence of an intermediate is expected to be more
significant in case l) than in case 2) while the limiting case 3)
has never been observed with leaving groups other than the nitrogen
molecule; it would involve ionization as shown.
+ CI
.-•
F.E.
U
I
F.E.
ii n
.
Ka)
IV
/m
i V.
Kb)
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3(a)
F.E.
A
J
2(c)
The relative displacement rates for leaving groups in the
aliphatic series are indicated in the next table (4).
C2H5X + C2H5O * (C2Hs)2 + X
Table I
Replaced group (X)
F
CI
Br
+
1
/ 1s(cu3 ) 2
OSO2
(C4H9X)
(CH3X)
.
.
l%r
1.4 x 10"4
2.4 x 10~2
1
1.9
1
5.8
Among the halogens, the order parallels the decrease in bond strength.
The general order of replacement of X in 4-nitro-X benzenes by
methoxide in methanol is indicated in table II below (5).
Replaced Group
CI
F
N02
NMe 3
+
SMep
+
Relative Rate
7.0 x 102
2.9 x 102
7.48 x 103
1.8 x 105
Ea/cals.
24,0-50
21,200
22,400
20,000
24,550
log pz
11.2
11.75
12.65
11.8
16.85
NO:
-O-X + OMe > N02—// \V-0Me + X
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The order indicated particularly in table III parallels electro-
negativities rather than bond strengths. The ease of displacement
by MeO" in methanol is found to be ArX +> ArX > ArX" and the
specific order for Ar-halogens F> Cl> Br > I. The order of replace-
ment in the aromatic case is best represented by mechanism l) with
bond-making predominating. Mechanism 1) may be considered to be
operative in an attack by a strong nucleophile in a good solvating
medium. Mechanism 2) could be expected with a fair nucleophile in a
solvent of intermediate solvating ability.
The study of condensation rates of 1-substituted 2,4-dinitro-
benzenes with piperidine in methanol shows the pattern attributed to
mechanism 1)
.
Substituent Rate coeff. Hel. rate *^>E j£LS
k cal/mole cal/degr.
P
N02
OSO2C6H4CH3
Br
CI
SO2
"0C QH4N02
I
Displacement by substituted anilines on 2,4-dinitronaphthalenes
and 2,4-dinitrochlorobenzene have a- values of -3.96 and -3-19
respectively (6) indicating a significant development in charge on
the nitrogen atom and hence bond formation between the nitrogen atom
and the aromatic ring. Bunnett (1) had previously advocated a two-
step mechanism involving an intermediate.
Tabl e III
90
24.2
2.72
C.129
0.118
0.117
0.086
0.081
0.027
3300
890
100
4.7 10.8 -33.3
4.3 11.8 -29.5
4.3 11.6 -30.2
3.2 12.0 -29.3
3.0 10.5 -35.3
1.0 12.0 -31.7
Significant also are the results by Chapman, Parker and Soames (7).
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They indicate that rates with
all conditions examined, that
fluorine are strikingly faster under
in the reaction of piperidine in
benzene, the rates for CI, Br, I are quite similar, and that the
reaction always takes place faster with the ortho substituted
The
shown
situations described may be represented by an energy
A dipolar quinonold intermediate is
thought to exist along the
reaction co-ordinate. If the loss
of X" is facile the energy level of
IV will be lower than that of II as
shown
•
c^
II III IV
There is a good deal of convincing evidence for the existence
of intermediates particularly in strongly activated substrates, but
since no satisfactory isotopic exchange data are available no
conclusive proof is available for the situations considered. The
configuration of the intermediate is such that it may resemble both
transition states or the starting material if its formation is fast.
By appropriate design of reaction conditions Hammond and Parks
(8) showed that aliphatic N-type mechanism may be approached and the
order of reactivity inverted to Br>Cl>F. This was achieved in the
reaction of M-methyl aniline with 2,4-dinitrophenyl halides in nitro
benzene
.
1 mol
sec" 1
-i Table Vkcal/
mol
Solvent Temp, k x 107 <£* H
e.u.
^ S
aniline in ethanol
k x 104 A H /^ S
F 0NO2
EtOH
120
50
182
4.5
10
7
-56
-68
F
CI 0NO2
EtOH
120
50
2750
6.2
12
7
-48
-62
CI
Br #N02
EtOH
120
50
8450
1 51
11
8
-44
-50
Br
168 5.8 -49
2.7 10.6 -4"*j
4.05 10.6 -42
/'
..,v
-*»*<•"
•'»
•
'•
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Hammond describes displacement on activated aryl halides by "neutral"
nucleophiles as shown, in which (l) is rate determining. There may
ArNHR + X—// \
Ar-NH—a \\
N02
N02 + ArNHR
> ArNH—^7 \V— N02 + X'
R /^N02
(1)
ArN
R
NO-
-// \\ N02 + ArNH2R (2)
NO2
be two steps involved; if so the second bond-breaking one is slow.
No evidence for existence of an intermediate here is available. The
displaceability of fluorine is probably due to a lower heat of
activation not completely compensated for by large negative
entropies. It has also been suggested that this was due to the
large heat and negative entropy of solvation of the fluoride ion.
The reaction rates of a group of substituted benzoates with 2,4-
dinitrochlorobenzene was investigated by the same workers and
significant Kammett /* values obtained.
Halo compound
dinitrochlorobenzene
methyliodide
Table VI
potassium benzoate
£-methoxy
unsubstituted
p_-nitro
p_-methoxy
unsubstituted
p_-nitro
Temp. k x 1(T6
l,mol~ 1 s€
93
93
93
47.6
41.7
22.8
25.5
25.5
25.5
14.7
14.5
9.47
r°
ec
-1
-.20
,
-.12
The above c values compare with a value of 1.5 for the ionization of
benzoic acid in the same medium. The lack of sensitivity to
substituent effects suggests that little bond formation has occurred
in the transition state. The situations described here resemble
energy diagram 2a with extensive bond breaking in the transition
state.
Notwithstanding Hammond ! s (8) criticism of the interpretation of
Melander's (9) kinetic isotope work in aromatic electrophilic
substitution, more decisive kinetic studies by Zollinger (10) coupled
with isotope and base catalysis measurements have established the
existence of a quinonoid intermediate for diazo-coupling reactions.
Iodide isotope exchanges with o- and £-iodonltrobenzene (11 ) and
iodobenzene in a two-phase system have been carried out (12). The
data obtained from these investigations are not adequate yet for
elucidation of the details of the mechanism involved.
The extent of C-X bond breaking in the rate-determining step has
been suggested as a criterion for the mechanism. If the C-X bond
regains intact and if steric requirements for several different X's.
are similar, the rates for different X-elements should be very similar
for a single attacking nucleophile for an element effect to have
.
. : - V ,
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meaning as a criterion of mechanism;
i4-
the absence of compensating
factors must be insured. Table III shows that six groups represent-
ing five different elements react at essentially the same rate hence
C-X bond breaking has made little progress in the rate determing
step. <£* E+ and ^ S^ valves are very similar and suggest the
same mechanism. These results are no' SN2 typecompatible with an
mechanism at a saturated aliphatic carbon. The situation is
probably adequately represented by energy plot l(b). The alternate
one-step mechanism 1(a) may be considered to involve concerted
completion of the C-Y bond formation and partial rupture of the
C-X bond. It is not considered likely for reasons of analogy.
Positions along the reaction coordinates indicated as structures
labelled III and IV represent transition states.
Y X
N02 \/ NO2
III IV
It seems reasonable that all of the available evidence will
permit the various reactions to be accommodated by a mechanistic
spectrum which ranges from 1(a) to 2(c) [see energy profiles] and
tapering off towards 3 which may not have been closely approached as
yet.
INTERMEDIATES IN NUCLEOPHILIC DISPLACEMENT
Addition complexes of di- and trinitrobenzenes capable of being
intermediates have been described in the chemical literature.
OCH<
MeO OEt
+ OEt
"=T
II was isolated by Meisenheimer (13) and well characterized by
Hammiclc and Foster (14) by infrared and ultraviolet analysis; the
corresponding adduct of I and isopentyl oxide has also been described
Aliphatic amines form highly colored adduct s with polynitro-
aromatlc hydrocarbons with the structures indicated assigned by
Lewis and Seaborg (15).
?
-0—H—N— Hy-O Mu u .V +\ P J+ NH2 H V0=F N
III IV
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Solutions of m-dinitrobenzene in liquid ammonia are deep purple and
good conductors; Farr, Boyd and Vine land (lS) concluded from a study
of the electrolysis products that the solution contained IV, A
good example of the formation of an adduct is the reaction of n-
butyl lithium with pyridine studied by Ziegler and Zeiser (17).
[I + n-C 4H9Li -^5 > TC4K9 95o
MUCLEOPHILICITY OF THE ATTACKING BASE
For comparable series of displacements at an aromatic carbon
atom data are limited. Recently, Bevan^Hirst (18) attempted to set
up a meaningful scale as indicated in the Table Via.
Table Via
p-fluoronitrobenzene
X "OMe S0~ O~0 0NH2
ksl.sec^mol"1 1.8xl0~4 1.7xl0~4 10"6 l.56xl0" 8
log B 11.0 10.7 2.11
E kcal/mol 20.1 19.8 13.5
picryl chloride
X /NH2 m-N02.C6H4 NH2 Cl" MeOH
Icsl.sec'^ol' 1 6.77 2.27xl0"3 7.^xl0"6 7.5xl0~9
log B 5.6 5.3^ 11.5 6.64
E kcal/mol 7.86 10.9 22.7 18.1
Table VIb
for reaction of jd- fluoronitrobenzene with X in methanol
X OMe" S0" O~0 0NK2
ksl.sec-^nol" 1 1.8xl0~4 1.68xl04 10~ s 1.56xl0~ 8
X m-N02C 6H4 iJH2 Cl" MeOH
Itsl.sec'WL" 1 5.23xl0" 12 1.71xl0" 14 1.7^xl0" 17
Data in Table VIb are obtained on the assumption that relative
values for both substrates are preserved for other nucleophiles X;
the last three values are probably only approximate.
A tentative order for displacement on l-chloro-2,4-dinitro-
benzene had previously been compiled by Eunnett (l).
S03 => 0Etf>0Me~> piperidine> O~0> NH3> Lil;-
(
0NH2 > LiBr
[Solvents - methanol, ethanol and ethylene glycol]
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However, conditions used were not standardized, and the seauence is
subject to change. It is interesting to compare this with Swain's
order of nucleophilicity in the methyl bromide -water system.
S03
5:
>SH"> CM"> l> SCN> $ffla> OH"> thiourea> N3">Br>f^jj)
A striking feature
in contrast to the
SH + MeC" -—
^
0s
It appears that in the situation described both ~C—0" and
u-b must approach closely to the tetrahedral bond distance; thelatter ^ooses the advantage of forming partial bonds at greaterinternuclear distance; this leads to a relative levelling of the
reactivities of the ions. Results of the above tables show that
SSjiS V3? 1 * ? reactivity range a detailed examination of thenature of the transition state is required.
SUMMARY
n-^-i!?
1116
£
he
.
mechanistic frame work of aromatic nucleophilic
?nfPi ??"
S
l*
now avallable
>
little is known about the details of
tht+
r®^?ns . inv°lved. It was determined only quite recently (19)
activated hSJSff^S 8 b? a Primary and secondary aliphatic amine on
nnp w i f ^ rate exPresslon is not a simple second -order
cata^-1? Tho^ aJnS a third -order tern suggesting significant baseJSS3^!; Jhe data used in the discussion of the "eliment" effect
^lli, ert may be a mer>ged" addition-substitution effectinvolving some bonding between the attacking and leaving group,
o rL,1Sf ?e experiments combined with examinationofthe extent
n°f J?
ase catalysis should provide a more detailed picture of the patho the displacements mentioned.
r£/~
~-
{
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PHOTOCHEMICAL REACTIONS OF DIENONES
Reported by W. B. Chiprnan
I . INTRODUCTION
May 22, 1958
This seminar will deal with a series of photochemical reactions--
apparently quite general --of alicyclic dienones (l), concentrating on
those of santonin, since this compound has been the object of the
major effort to date. Santonin (2) provided the first established
example of the dienone -phenol rearrangement, and the proper interpre-
tation of this reaction helped Clemo, Haworth and Walton to establish
its structure (i) (5).
(i)
Recently Woodward and his co-workers have established the nature of
the major ionic rearrangements of santonin (4).
The photochemistry of santonin was extensively investigated by a
number of early Italian workers, but the nature of some of the re-
arrangements involved has resisted explanation until the present time,
(2). A summary of the major photochemical reactions of santonin is
given in Chart 1
.
CHART 1
PHOTOSANTONIN
C17H24O4
! 1
Ag 2 0> OH
-
E+I
f hvE+OH
SANTONIN
O15H18O3
hv
IcOH
PHOTOSANTONIC ACID ^hv
Nl/
LUMISANTONIN AcOH
"ISOPHOTOSANKJNIC ACID
112 LACTONE"
15 H20O, CisHisOa C15H20O4
II: "ISOPHOTOSANTONIC ACID LACTONE
"
Irradiation of santonin in aqueous acetic
known to produce "isophotosantonic acid lactone
Barton, de Mayo and Siiafiq have recently established
acid has long been
" (C 15 H2 o04 ) (2).
the structure of
to be a tri-this compound (5a). The basic carbon skeleton was shown
substituted perhydroazulene since acid catalyzed hydrogenation afforded
a mixture of alcohols which was dehydrogenated -co the known chamasul-
ene (il).

- 27,4 -
<X3r -—
<
VCH2CH3
(II)
\
Previous work had shown the presence of one tertiary hydroxy1, one
lactone and an a, 3 -unsaturated ketone in a cyclopentanone ring.
Ozonation afforded acetic acid and a dilactone (C13H16O5) which
possessed a non-conjugated ketone. The above result was assumed to
imply the system
CH3
-C 0==-.\
which on ozonation would generate acetic acid, a non-conjugated
;
:--to
ketone and a carboxylic acid which could lactonize with the original
hydroxy1 . Treatment of "isophotosantonic acid lactone" with pyridine
thionyl chloride yielded an anhydro _ compound which contained an exo-
methylene group. (i.r. max. 90o em x ) Hence the parent compound
must contain the system
\ .CHs
'
' OH
and since the ultraviolet spectra of both the parent compound and the
anhydro compound are identical, the methylene grouping of the anhydro
compound cannot be conjugated with the tx, £-unsaturated ketone. Based
on the above evidence and the structure of santonin, structure III
may be written for ''isophotosantonic acid lactone". The anhydro com-
pound may then be formulated as IV and the ozonation product as V.
H0/CH£: h 0.y— 9
,-*\
1 ./ \ /I\
' \- ' (L >
0*
a n
/
L
/ 1
0.
r
-*
III IV V
Confirmation of the structure III was obtained by comparison of
"isophotosantonic acid lactone" and its acetate with the previously
known compounds (5b). The course of the rearrangement of santonin
to ''isophotosantonic acid lactone" has been pictured as follows (5a),
// i I
' 6— ' —
( ;
'.'•-.
•:•
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where X is hydroxy1 or acetate ion, although evidence to be presented
below indicates that it is probably much more complicated.
The stereochemistry of santonin has been established to be as
shown In VI (6). The asymmetric centers at C-6 and C-7 are not
affected during the photochemical rearrangement; the same stereo-
chemistry
the basis
is to be expected in
of rotary dispersion
''isophotosantonic acid lactone . On
studies Dj eras si and his co-workers
.OH
0-
VI VII
have assigned the configuration at C-l of the photoproduct as that
with the hydrogen P-oriented (7). The configuration at C-10 has been
assigned as 3-CH3 on the basis of elimination evidence and also on
the basis of the preferred conformation for the 7-membered ring. The
stereochemistry of
VII.
o 1 isophotosantonic acid lactone is summarized in
This type of rearrangement is apparently quite general . Barton
and his co-workers have reported the following conversions where the
stereochemistry of the photoproduct is based in each case on analogy
with the santonin series: prednisone acetate, atremisan acetate,
6 epi-a-santonin, 6 epi-P-santonin and 3-santonin.
III. LUMISANTONIN
Irradiation of santonin in ethanol or dioxane for a controlled
period of time affords the isomeric lumisantonin (C15H3.8O3) whose
existence was unknown to earlier workers, (8,9). The importance of
this compound to an understanding of the photochemistry of santonin
is shown by the fact that on treatment with aqueous acetic acid in
the dark it hydrates and rearranges to give "isophotosantonic acid
lactone" (ill) and also by the fact that on further irradiation in
dioxane it Is converted to photosantonic acid (the second product
isolated in addition to "isophotosantonic acid lactone'' from the
acetic acid irradiation of santonin) . Arigoni, Bosshard, Bruderer,
Buchi, Jeger and Krebaum have assigned the structure VIII to
.17
VIII
.'^
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lumisantonin on the following grounds (9). Hydrogenation of lumisan-
tonin over palladized charcoal affords dihydrolumisanton (l mole up-
take), which gives a negative tetranitrome thane test and is inert to
ozone. The infrared and ultraviolet spectra of lumisantonin indicate
the presence of a Y-lactone (i.r. max. 1772 cm" 1 ) and an a-^-unsatur-
ated ketone in a 5-membered ring (i.r. max. 1708 cm"* 1 ; u.v. max.
238 mu, log e 3.7). In addition, the infrared and ultraviolet spectra
of lumisantonin and dihydrolumisantonin are very similar to those of
umbellone (ix) and dihydroumbellone (x), respectively.
IX X
Further evidence for the proposed structure includes the follow-
ing: Pyrolysis of lumisantonin (200°) affords an isomeric ketolactone,
pyrolumisantonin, which has two double bonds (two moles hydrogen up-
take over palladized charcoal). The presence of the original double
bond is apparently necessary for the isomerization since dihydrolumi-
the same conditions. Spectral evidence
pyrolumisantonin is in a 5-membered ring
conjugated with only one of the two double
€ 4.07). The pyrolysis of lumisantonin
is interpreted as the pyrolytic cleavage of a cyclopropane ring result-
ing in the formation of a double bond. Infrared evidence indicates
that both of the carbon atoms of the cyclopropane ring which are P to
the caraonyl (C-5 and C-10) bear at least one substituent (i.r. max.
2950 - 3035 cm x ) . Osmium tetroxide oxidation of lumisantonin affords
a glycol which loses water to form an a-diketone (u.v. max. 260 mu,
log € 4.09). This establishes the presence of a hydrogen atom at C-2.
santonin is unaffected under
indicates that the _ketone of
(i.r. max. 1705 cm"" 1 ) and is
bonds (u.v. max. 220 mu, log
The presence of a cyclopentenone ring in lumisantonin was confirmed by
ozonization to an acid, C14H18O5, (loss of one carbon atom) which on
reduction with sodium borohydride in methanol afforded a saturated
dilactone, C14H18O4. The presence of a sharp infrared band at 1765
cm 1 indicates that both lactones are 5-membered, and hence that the
ring which was oxidatively cleaved in lumisantonin must be 5-membered.
The acid catalized isomerization of dihydrolumisantonin (xi)
affords a bicyclic, singly unsaturated ketolactone, isodihydrolumi-
santonin (XIl), in which the . ketone is present in a saturated 5-member-
The formation of a double bond undered ring (i.r. max. 17^5 cm"" 1 )
such mild conditions is taken as additional evidence for the cyclo-
propane ring. Osmium tetroxide oxidation of isodihydrolumisantonin
affords a glycol (xill), C1SH22O5, which on treatment with periodic
acid yields not the expected tricarbonyl -lactone, but a dike to -hydroxy
lactone (XIV) (i.r. max. 3^00, 1780, 17^0, 1686 cm" 1 ). The formation
of XIV may be explained by an intramolecular aldol condensation.
-A.^
:;:,: r.i
i.0 ';r.O ro c
'
'
*#:¥*
t c
t'..,
The formation of "isophotosantonic acid lactone" from lumisantonin
may then be pictured as follows, where the stereochemistry of lumi-
santonin follows from the established stereochemistry of "isophotosan-
tonic acid lactone" (inversion at C-10).
Barton, deMayo and Shafiq agree on the structure of lumisantonin
(1,10). Infrared and Kuhn-Roth determinations indicate the presence
of three C-methyl groups. The osmium tetroxide oxidation of lumi-
santonin afforded a glycol, formulated as XV, which reacted with two
moles of periodic acid yielding a C14 aldehydo acid which was shown
to exist in the lactol form (XVl).
L °-0.
W
Cr03
XV XVI XVII
is
::'!
; j .
i
\ .
;
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Chromic acid oxidation of the aldehydo acid consumed_l equivalent
of CrO^ and afforded an anhydride (i.r. max. 1830 cm" 1 ) formulated
as XVII. These reactions are sufficient to establish the presence
of the grouping
and the isolation of formic acid as an ozonation product of lumi
santonin, together with a small amount of product formulated as
XVIII or its open chain derivative, support this formulation.
°-<
H2 0;
OH
XVIII XIX
The structure of XVIII was established by cleavage with alkaline
peroxide to XIX, which was identical with the compound obtained from
alkaline hydrolysis of the lactol XVI.
Brief treatment of lumisantonin with hydrobromic acid afforded
a nonconiugated cyclopentenone, A (i.r. max. 1792, 1752, 1627, 802,
722 cm 1 ), which was unstable at room temperature, and slowly formed
the conjugated dienone, B.
s \
\^-
— \
/
rv
T
Treatment of A with boiling pyridine afforded the nonconjugated
dienone C and also reformed lumisantonin, thus demonstrating the
facile reversal of the opening of the cyclopropane ring.
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IV. PHOTOSANTONIC ACID
A second product resulting from the irradiation of santonin in
acetic acid is the lactonic acid, photosantonic acid C15H20O4).
Irradiation of lumisantonin in dioxane also affords this compound,
while irradiation of lumisantonin in ethanol affords the ethyl ester
of photosantonic acid, photosantonin, which has long been known as the
product of the irradiation of santonin in ethanolic solution (2). The
structure of photosantonic acid is the subject of a recent controversy
Treatment of photosantonic acid with hydrochloric acid affords a
mixture of active and racemic dehydrophotosantonic acids (C15H20O4).
These acids are formulated as XVIII, since acid catalyzed cyciodehyd-
ration yields the indanone, XIX.
HF
COOH
HOOC-CK2CH2
XVIII
COOH
XIX
COOH
XX xx:
Chromium trioxide oxidation of the dehydroacids affords the known
canabinolactonic acid, XX. Stepwise, decarboxylation of the dehydro-
acids yields the hydrocarbon, XXI, of well-established structure.
Based on the above evidence, the structure of santonin, and the know-
ledge that photosantonic acid is an 7-lactonic carboxylic acid (i.r.)
containing an isopropylidine group (acetone as an ozonation product)
the basic carbon skeleton of photosantonic acid may be tentatively
represented as XXIV.
HOOC
COOH
XXII XXIII
!,
-•' ••
-
. :
r :
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Barton has proposed XXIII as the structure of photosantonic acid
on the following grounds (ll). The formula for photosantonic acid
(C15H20O4) is such that it implies either a second double bond or a
second carbocyclic ring. Oxidation studies and tests with the convex
tional double bond reagents indicate the presence of only one double
bond. Bromination of photosantonic acid affords a monobromodilactone
in which the new ring is a Y-lactone (i.r. max. 1730 cm 1 ). The
bromination product, which is formulated as XXIV, does not react with
ozone or tetranitrimethane and is converted to the original acid on
debromination with zinc and acetic acid.
Br
/
v / /
Qgett^^d^Y^yS HOOCCH2-CH.V*
c=s=0 I
.-.T, 1 iQ
XXIV XXV
The formation of dehydrophotosantonic acid, XVIII, as a degradation
product resulting from hydrochloric acid treatment of photosantonic
acid is consistent with the known facile cleavage of cyclopropane
groups conjugated with a carbonyl. The formation of the indanone,
XIX, from dehydrophotosantonic acid requires that the carboxyl group
of photosantonic acid be in a position y to the cyclohexane ring. The
relationship of the carboxyl group to the double bond of the iso-
propylidene group ( vide supra ) requires that the carboxyl group be
(3 to the cyclohexane ring. The apparent dichotomy may be explained
by the assumption of the cyclopropane group. The ultraviolet absorp-
tion spectra of photosantonic acid (end absorption: 210 rr^u, log €
3.57) is consistent with the known fact that the cyclopropane group
can extend a previously existing chain of conjugation, but does not
itself exhibit a maximum above 210 mu, even when it is in conjugation
with a double bond (12).
A second structure, XXV, has been proposed for photosantonic acid
by van Tamelen (13). This formulation is based on nuclear magnetic
resonance data for methyl photosantoate which shows signals which are
attributed to the system XXVI. While ozonlzation affords
N:h2cooh
xxvi
acetone, ozonization follwed by zinc dust reduction of the ozonide
affords acetaldehyde; ozonization with an oxidative work-up affords
raalonic acid. The same products have been reported from a similar
ozonolysis of 4-methyl-3-pentenoic acid (XXVI, Fte=CH3), (l4) . The
absence of the expected ultraviolet absorption for a 1,3-dienoid is
attributed to steric hinderance around the heavily substituted diene
resulting in out-of -plane distortion. The pronounced lack of reactiv-
ity of the trisubstituted double bond is similarly attributed to
steric hinderance. The formulation which is implied for the mono-
bromodilactone of Barton is then XXVII.
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XXVII
of dehydrophotosantonic acid, and its subsequent cycli-
indanone, XIX, are consistent with this formulation.
Irradiation of santonin in hot aqueous acetic acid gives
"isophotosantonic acid lactone " while irradiation in cold aqueous
acetic acid gives equal amounts of this compound and photosantonic
acid. Irradiation of lumisantonin yields "isophotosantonic acid
lactone" but lumisantonin is stable in cold aqueous acetic acid.
Irradiation of lumisantonin in the cold gives photosantonic acid, but
no lactone.
Santonin hv "activated state"
lumisantonin hv photosantonic
L\ acid
^isophotosantonic acid lactone
The above facts have led Barton to postulate the existence of an
"activated state" which may collapse to lumisantonin or the lactone,
depending on the conditions of the experiment. Lumisantonin may
then undergo photochemical transformation to photosantonic acid or
thermal transformation to the lactone.
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a-FLUORO ETHERS
Reported by J . L. Fedrick May 26, 1958
INTRODUCTION
The synthetic use of the a-halo ether functional group has been
studied extensively (l), but because of the limited number of re-
actions this group undergoes, its use has been infrequent. a-Halo
ethers, readily prepared by a variety of methods, lie between acyl
halides and simple alkyl halides in stability and undergo nucleo-
philic displacement of halide. Dehydrohalogenation to vinyl ethers,
hydrolysis, halide exchange and thermal decomposition are also
characteristic of these compounds. The preparation and properties
of a-fluoro ethers have not been reviewed previously.
PREPARATION
Electrochemical
The most stable and the most widely utilized members of this
series are the perfluoro ethers. Their usage as solvents,
refrigerants, fire-extinguisher fluids, dielectrics and lubricants
has achieved industrial importance. A one-step synthesis of these
compounds from the corresponding alkyl ethers is accomplished by
electrolysis in liquid hydrofluoric acid (2). Diethyl ether, like
most ethers, undergoes simple perfluorination, but other ethers,
CH3-O-CH3 + 6 HF 76
°
^ CF3-O-CF3 + 6H2
electrolysis
such as dioxane (I), undergo simultaneous chain cleavage, yielding
open chain compounds (II).
CH2 CH2
CH CH +
10 _HF > CF3-O-CF2CF2-O-CF3 + 9 H2
\V 2
I II
A characteristic property of these solvents is illustrated by their
inability to dissolve strong Lewis acids. This is only another
manifestation of the strong inductive effect of the fluorine atom
which renders the ether oxygen atom void of all basic properties.
It will be shown later that few if any reactions of fluoro ethers
involve twe-i^ophilic attack on oxygen.
The Fowler Process
The Fowler process, a second industrial method, utilizes
powdered cobalt trifluoride as a fluorinating agent (3). Cobalt
trifluoride is first prepared by passage of fluorine gas over well-
stirred solid cobalt (II; fluoride in a column at 250 . Excess
CoF2 + F2 25° > 2 C0F3
..
.•
.
:
.: -
; i. ;. . i
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fluorine gas is removed by subsequent flushing with an inert gas.
Fluorination is conducted next by passing the vaporized alkyl ether
through the gradiently heated column. It was found that during the
initial step of the substitution reaction, when relatively few
fluorine atoms are in the molecule, that temperatures just above
the boiling point of the starting material were desirable. As the
degree of fluorination increases, substitution becomes increasingly
more difficult and therefore higher temperatures are required to
complete the process. In order to achieve complete fluorination the
column must be gradiently heated from just above the boiling point of
the starting material to a final temperature of 350°. Perfluoro-
dicyclohexyl ether (IV) is produced in this manner in a yield of 15$
for each fluorinating cycle of diphenyl ether (III). Regeneration of
C 6H5-0-C 6H5 + CoF3 > CoF2 + CePii-0-CePn 15$
III IV
the catalyst is accomplished by removal of the hydrocarbon and
repetition of step one. Although cobalt triflnoride has been the
most widely used fluorinating agent in the Fowler process, manganese
trifluoride and cerium tetrafluoride have been found to be better
halogenating agents for higher boiling hydrocarbons (4).
Olefinic Addition
a,a-Difluoroethers are most commonly prepared by the base-
catalyzed addition of alcohols or phenols to polyfluoroethylenes
(5,6,7,8,9). Yields of seventy to eighty per cent are readily
obtained by bubbling the olefin into a solution of the desired al-
cohol or phenol saturated with potassium hydroxide. It is apparent
that if the olefin is unsymmetrical the addition may proceed by two
different routes. When chlorotrifluoroethylene (V) is condensed with
ethanol, either the 1-chloro-l-fluoroether (VI ) or the 1,1-difluoro-
Cl F
C2H5O-C—6-H
F F S^
1
F F
C=C + C2H5OH 25°, 1 atm. VI
F CI \ F CI
V C2H5O-C-C-H
i
1
F F
VII .p.
82°
(630 mm)
ether (VII) may be formed (10); however, only the a,a-difluoroether
was isolated. Furthermore structure VI is not consistent with the
stability of the ether (8). An a-choloroether of this type would
permit elimination of hydrochloric acid quite easily with the
formation of trifluorovinyl ether, C 2Hs-0-CF =CF2. Such a compound
was not isolated. That the thermodynamically more stable product
(VII ) was formed has been established by hydrolysis of the product
over silica to chlorofluoroacetic acid (VIII).
r;
'
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F F
CI-C-C-OC2H5
H F
VII
HpO SiO<
F
//
Cl-C-C C2H50H
H OH
n
VI11
In every example of alcohol addition to/ihlorotrifluorethyl,
l,l-dichloro-2,2-difluoroethyl, and l-chloro-2,2-difluoroethyl ethyl
ethers only the a,a-difluoroethers can be isolated (5).
The effect of variations in the basicity of alcohol vras also
studied (5). Methyl, ethyl, isopropyl and t_-butyl alcohols were
added to each of the above olefins. Although relatively wide
variations in conditions were employed during the addition
reactions, no products were identified that could have resulted from
addition except as postulated. The addition in each case leads to
saturated ethers as the principal product with the exception of
t_-butyl alcohol.
That the reaction is spontaneous is shown by the free energy
change for the addition of ethyl alcohol to chlorotrifluoroethylene
.
This change is plus 2.6 kcal. and becomes zero at 200°K. Althoug!
the reaction proceeds smoothly at room temperature and atmospheric
pressure the equilibrium would be favored by low temperature and
high pressure (8),
In a similar fashion phenols have been added to a,a-difluoro-
ethylenes in the presence of base (9)« It was found that with
chlorotrifluoroethylene the best yield was obtained at 40°; addition
at lower temperature resulted in lower yields, and at 0° no ether was
formed. Maximum yield of phenolic addition to unsym-dichlorodifluoro
ethylene was obtained at 10°. In this reaction higher temperatures
leads to the formation of dichlorofluorovinyl ether.
Isolation of saturated ethers from the condensation of alcohols
with halofilefins is not always possible (7). In an attempted
preparation of ethoxyhexafluorocyclobutane (X) from the cyclobutene IK
only an olefin, ethoxypentafluorocyclobutene (XI), vras isolated.
C2H5OH
C2H5OH
FCr-CP
! I
F2C — CFp
IX
OH
F F ~[
C2H5O-C-C-HI
~ HF
> C2H5O-C-C-F +
1 1
j
11
-• F2C-CF2«» F2C — CF2
X ' XI
F H
! 1
C2H5O-C-C-OC2H5
1 I
> F2C—CF2 •-
XII
C2H5O-C-C-OC2H5
i 1
F2C — CF2
XIII
Apparently elimination of hydrogen fluoride from the intermediate is
spontaneous at room temperature. Since hydrofluoric acid neutralizes
the basic catalyst, diaddition of ethanol is prevented. On the other
hand, if excess base is employed 1,2-diethoxytetrafluorocyclobutene
(XIII) is isolated as the major product.
. \
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Saturated Fluoroethanes
a,a-Difluoroethers are readily prepared by treating 1,2,2-tri-
chloro-l,l-difluoroethane with aryl oxides (11). It was originally
believed that the chlorine atom of the -CF2CI group possessed
F CI
1 i
Cl-C-C-H +
i i
F CI
ArO9
CI F
1 l
H-C—C-O-Ar
1 1
CI F
+ CI
9
unusual activity since it was apparently the point of attack by the
aryl oxide in a Williamson type reaction. It has also been suggested
that the phenoxide ion might remove a proton forming an olefin by
an E2 elimination. The olefin in turn could combine with a molecule
of phenol to form an aryl ether (12). In the present example it is
impossible to draw any conclusion concerning the mechanism by which
CI CI
I i
F-C—C-Cl
1 I
F H
ArO
^Cl CI
F-C—C-Cl -
1 ;
F H--OAr
F CI
\ /
C=C
/ \
F CI
the fluoroethers are formed since both the displacement and the
olefin addition mechanism yield the same product. However by
judicious choice of starting materials the two routes can be made
to give different results and the predominance of one mechanism over
the other determined by the nature of the products.
A study of the reactions of the isomeric chloro-l,l-difluoro-
ethanes with sodium ethoxide in ethanol would indicate the course of
the reaction. If the formation of the fluoroether proceeds by
elimination and subsequent addition of the alcohol, both ethanes
will give the same fluoroether; if the reaction is a simple dis-
placement of the chlorine atom by the ethoxide ion, two different
CH3CF2CI
CH2CICHF2
CH3CF2CI
CH2CICHF2
-OC2H5
-OC2H5
-OC 2H5
-OC2H5
CH2-CF2 + HOC2H5
CH3CF2OC2H5
CHF2CH2OC2H5
CH3-CF2-OC2H5
products will be obtained. It has now been found that both di-
fluorochloroethanes give the same end product, ethyl acetate--a
hydrolysis product of the expected l-ethoxy-l,l-difluoroethane.
In a number of cases, a,a-difluoroethers are reactive and this
property seems to be associated with the atoms on the adjacent
carbon atom. For example, while perfluorodibutyl ether is inert
under a variety of conditions, l-ethoxy-l,l,2,2-tetrafluoroethane
is readily converted to ethyl difluoroacetate by treatment with
sulfuric acid.
If l,l,2-trichloro-l,2,2-trifluoroethane (XVIII) is treated with
an alkoxide, an SN2 displacement should take place since there are no
' f ' ' I "
'•
'
-
:i.";
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P-hydrogen atoms, and therefore elimination of hydrogen halide is im-
possible. The expected product of the Williamson synthesis (XIX)
F
i
CI
F-C—-C-F + CH3O-
1 1
CI CI
XVIII
KOH
0.35 mole
125°-20 hrs
F F
1 1
CH3O-C—C-Cl
1
I
CI F
XIX
*
H P
CH3O-C-C-SA
F CI
XX
did not form but rather a tetrahalo derivative (XX) (13)- In this
example as well as in the reaction of unsvm-trichlorotrifluoro-
ethylene (XVIII ) with sodium phenoxide (11) the tetrahalo ether (XX)
is the product of addition of CH3O- to the olefin, but here the
olefin must be formed by a dechlor©£iu^rination reaction. This
unusual reaction sequence and the fact that perfluoromethyl ether is
extremely stable (14) indicate that SN2 displacement of fluorine
in a-fluoro ethers proceeds with difficulty.
Halide Exchange
Halide exchange with the easily prepared a-chloro ethers provider
a convenient route to a-fluoro compounds (15). a,a-Dichloroethers
may be fluorinated by refluxing them with antimony trifluoride for
several hours, after which the mixture is washed with water, dried
and fractionated. This method has also been employed in the prepara-
tion of perfluorotetrahydrofuran (l6). The initial step of the
reaction is dimerization of l,l-dichloro-2,2-difluoroethylene
(XXI) to a cyclobutane derivative (XXII ). This in turn was de-
chlorinated to a cyclobutene (XXIII ) which was oxidized to diethyl
perfluorosuccinate (XXIV). This ester was saponified and the acid
F CI
F-C—C-Cl
t 1
CI CI
F2C-CCI
1 11
F2C-CCI
Zn
100$
XXIII
LiAlH4
I
HOCH2CF2CF2CH2OH
Q6fo
xxv
CF2-CCI2
220°
24 hrs.
XXI
95fo
a
F2C-C-OC2H5
F2C-C-0C2H5 f§£§—
1%
XXIV
ICC?7°
H2S0.
185 C
F2C
H2C
F2C-CCI2
i 1
F2C-CCI2
XXII y Q
FaC-Cr
Zn
rf
F2C-Q / PCI: NR
"0
62P^
N X
CF2
CH2 CI.
uv
-~>
•* ." * ", 'X
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F2C— CF2 F2C— CF2
C1 2 CJ ,CCla PS PSl v F2C CF2
78^ ° 67^XXVI XXVII
converted to the corresponding anhydride. When chlorination of the
anhydride failed, the perfluoro diester was reduced to a diol (XXV);
this was cyclized to an ether that was chlorinated (XXVI). Treat-
ment of the tetrachloride with antimony chlorotrifluoride produced
the desired perfluorotetrahydrofuran (XXVII) in good yield (l6).
While information on polyfluoroethers is abundant, data on
monofluoroethers are scarce. It has been found that monofluoro-
ethers (XXIX ) can be prepared readily from their chloro analogs
(XXVIII ) by halogen exchange with mercuric fluoride (17). The ex-
change reaction is favored by high temperature but so are the un-
ci CI Cl F
2 Cl-C—C-OC 2H5 + KgF2 ^-» 2 Cl-C—C-OC 2H5 + HgCl 2
Cl H Cl H
XXVIII XXIX
desirable side reactions, elimination of hydrogen halide and
polymerization. These side reactions could be avoided only with
compounds in which hydrohalide was not readily lost as with
CCI3CHCIOR, CH2C10R and CHC1 2CC1H0R. Fluoro compounds could not be
prepared from a-chloro diethyl ether or from a,a-dichlorodiethyl
ether by this method. Mercuric fluoride was added to these compounds
at 0°, but on coming to room temperature the reaction mixture
polymerized. Since acids initiate polymerization this side reaction
might be prevented by adding silica gel to the cold reaction
mixture
.
The efficiency of other catalysts in exchange reactions was
found to decrease in the following order HgF2 > TIF > AgF > KF while
A1 2F 6 , CrF3 O*5H2 and fluorosulfonic acid did not act as exchange
agents. With the better reagents yields of fluoroethers varied
from 15 to 40$. The presence of free hydrochloric acid decreased
the yield of fluoroether. Hydrochloric acid is a product of the
decomposition of the a-chloroethers and is always present after
these ethers have been allowed to stand for a short period of time.
Stirring the freshly distilled chloroether with active silica gel
and using it immediately affords higher yields of a-fluoroethers.
Attempts to prepare a-fluoroethers by the addition of formal-
dehyde to ethanol in the presence of potassium fluoride and
hydrochloric acid produced only the chloroether. A better procedure
might be to use hydrofluoric acid directly, but this was not tried
(17). Analogous methods to those for preparing a-chloroethers have
not been applied to a-fluoroethers because of the inconvenience in
handling hydrogen fluoride and because of the lack of available
fluorine-containing reagents. Addition of hydrofluoric acid to
vinyl ethers and other potential reactions which have not been in-
vestigated are illustrated below.
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V
2 RCH +
PS02OH
or
PF5
or
ArOCH2S03Na + PF3
HC£C-OC 2H5
HP
P
z
CH2 =C-OC 2H5
HF
P P
1
R-C-O-C-R
*or*
ArOCH2P
F
(1)
> CH3C-OC 2H5 (18,19)
REACTIONS
Oxidation
The a-fluoroethers are rather inert and experience only a limited
number of reactions. They are easily converted to vinyl ethers by
loss of hydrogen fluoride and undergo reactions characteristic of
these olefins. In addition to polymerization and addition vinyl
ethers readily suffer oxidation. l-Methoxy-l,2-difluoro-2-
chloroethylene (XXX) is autoxidized on standing to a mixed oxalyl
CH30-C=C
F
XXX
CH3F
/
F
H2
\ 2
CI 12 hrs.
25°
P
/ v/
CH30-C-C
\
F CI
11 it
C1C-CF
XXXI
H2 HC1 HF
F
1
'/
CH30-C-C
i \
F CI
I! 'I
HOC-COH
10$/o
halide (XXXI ); an epoxide has been postulated as the intermediate.
The acid halide was characterized by hydrolysis to hydrochloric,
hydrofluoric and oxalic acid (13)
•
Pyrolysis
Thermal instability is illustrated by the pyrolysis of 1,2-
dibromo-2-chloro-l,2-difluoroethyl methyl ether (XXXII) to the novel
Br Br
1 1
Cl-C—C-0CH3
1 1
F F
XXXII
160°
Br
Cl-C-C
1
v
]F J
XXXI11 b.p. 51°
acid halide, bromochlorofluoroacetyl fluoride (XXXIII), which was
further characterized by hydrolysis and ammonolysis (13)
•
Solvolysis
Orthoester formation has been demonstrated as characteristic of
a,a-dihaloethers. Re fluxing ethanol and sodium methoxide under
f .1. 'J
- 290 -
forcing conditions converts 1,1,2-trifluorochloroethyl ethyl ether
(XXXIV) into the corresponding ortho ester. Hydrolysis with
sulfuric acid converts the product to ethyl chlorofluoroacetate
(XXXVI), thus proving that the compound was the ortho ester (5).
The
(XXXIV)
ethers a
obtained
actions,
ofease of hydrolysis
and similar ethers is surprising since mos
1,1,2-trifluorochloroethyl ether
t a,a-difluoro-
e unreactive. Good yields of the hydrolysis product are
at low temperature, since heat favors polymerization re-
with concentrated sulfuric acid. During the process etching
of the glass apparatus was observed; therefore, hydrogen fluoride
elimination must have taken place (20). If the reaction occurs as
then the ether
ion cleaves into a
in turn reacts to
suggested by Hammett for nonfluorinated ethers.
oxygen atom
molecule of
must be protonated initially. This
alcohol and a carbonium ion, which
P
i
R-C-OC2H5 + H
1
F
+
F
1 &
-> R-C-OH + C2H5
1
F
C 2H5 + H2 C2H5OH + H
+
R-C-OH —2=—> R-C
v
+ C2H5OH
//
-» R-C-OC2H5 + HF
F F
produce a second alcohol. Elimination of hydrogen fluoride followed
by solvolysis of the acyl halide could account for the products. To
test this mechanism 1,1,2-trifluorochloroethyl ethyl ether (XXXIV)
was solvolyzed in methanol; however, none of the expected methyl
ester was obtained but only ethyl chlorofluoroacetate (XXXVI ). This
F F
10 c
F
1 a
CI-C-C-OC2H5 + CH3OH nfjZt en > CI-C-C-OC2H5
I 1 ycF/b H2SO4 1
H F H -$%
XXXIV XXXVI
+ S.M.
40$
demonstrates that hydrolysis does not involve cleavage of the ethoxyl
group (20) but proceeds by E2 elimination of hydrogen fluoride and
addition to the vinyl ether. This is reasonable since protonation
of the ether oxygen atom is highly unlikely because of its low
electron density.
Reactions with Aluminum Chloride
The only reaction so far reported for perfluoroethers, which
do not permit E 2 elimination to the corresponding olefin, is that
of halide exchange with aluminum chloride (21*). Perfluoro-a-ethyl-
tetrahydrofuran (XXXVII ) exchanges fluorine for chlorine atoms under
forcing conditions to produce the stable trichloride (XXXVIII).
Apparently the mono and dichloroether intermediates are more reactive
F 2C
F 2C
u F
XXXVII
CF2
C-CF2CF3 + AICI3 180°14 hrs.
200 psi
F2C
CI2C
N
o'
CF2
C-CF2CF3
CI
XXXVIII
45$
b.p. 136
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than the perfluoroether since they could not be isolated. The
proposed mechanism for this exchange does not involve either an
olefin intermediate or cleavage of the ether linkage. Aluminum
chloride first coordinates with one of the a-fiuoro atoms and then
R1O-C-R2 + AICI3
R3
CI
I
R1O-C-R2
i
R3
R;lO =C-R2
I
R3
+ AICI2F
-> R2.0C-R2
R3
9
+ AICI3F
removes it as part of a complex ion. The residual carbonium-oxonium
ion later captures a chlorine atom from the aluminum chlorofluoride
complex to complete the exchange. The low reactivity of the per-
fluoroethers may be accounted for by this mechanism as R2 and R3
are powerful electron attracting fluorine atoms or perfluoroalkyl
groups which decrease the ease of formation of the positive ion.
Similarly this argument implies that the a^a^a-trichloroperfluoro-
ethers should be more reactive towards strongly acidic reagents than
are the perfluoroethers themselves. This is illustrated by the slow
solvolysis of the trichloride (XXXIX) in hot fuming sulfuric acid to
a lactone (XL), while the perfluoroethers are inert toward the same
F2C— CF2
1
C1 2C i-
x 0"
C 2FS
CI
XXXIX
+ H2SO,
150°
,
15 hrs
F2C— CF2
1 1
0=C C-C2F5
\O'W
XL
7C?o
b.p. 140
reagent. When a,a,a,a-tetrafluoroethers were similarly treated a
quite different result was obtained (22). Exchange halogenation of
perfluorodi-n-butyl ether (XLI) cleaved the ether to an acid
halide (XLIIl). Although the trichloroethers are stable under the
reaction conditions it is known that a,a,a',a'-tetrachloroethers
cleave spontaneously to acid halides and trichloroalkyls under these
conditions. An extension of this study to perfluorotetrahydropyran
n(C 4F9 )20 + AICI3
XLI
175clO
lb hrs.
200 psi
C3F7C' + C 3FtCC1 3 + AIF3
CI
XLII 30fo XLIII J>0<?o
and perfluorotetrahydrofuran proceeded in a similar manner with ring
cleavage to form the ^-trichloromethylperfluoroacyl chloride (XLV)
(23).
F2C— CF2
l l
F2C CF2
XLIV
AICI3
1?
T0°
200 psi
CCI3CF2CF2CCI
XLV
55%
b.p. 148
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NEURAMINIC AND SIALIC ACIDS
Reported by J. P. Porter May 19. 1958
The chain of events which led to the recognition of neuraminic
and sialic acids as chemical entities began with a study of the
lipids found in horse kidney tissue (l,2,3). A lipid fraction was
isolated which was water soluble and formed a viscous solution in
concentrations of about two per cent. It developed an unusual red
color when heated with orcinol and hydrochloric acid. A similar mat-
erial was found in bovine brain and spleen tissue (4).
A class of lipids known as gangliosides can be isolated from
the brains of men suffering from Nieman-Picks disease (5,6,7.8). The
disease produces large deposits of fatty material in the brain, liver,
and spleen (9). Like the lipids from horse kidney tissue, the
gangliosides produced a red color when heated with orcinol and hydro-
chloric acid. They formed charcoal when treated with dilute solutions
of mineral acids, and gave a positive Ehrlich test. The Ehrlich test
involves treatment of the material with alkali and the subsequent
addition of a mixture of p-dimethylaminobenzaldehyde and hydrochloric
acid (10). A red color is produced by N-acetyl galactosamine and
pyrrole. The gangliosides produced the usual color without the cus-
tomary alkali pretreatment
.
The nature of the reactions which occur during the Ehrlich test
is not known. Their study is complicated by the fact that the action
of alkali on simple sugars produces a wide variety of rearrangements
(ll). It seems possible that the hexosamines for which the test is
primarily used first form a heterocyclic ring before undergoing
further reaction. The gangliosides are found to a much lesser extent
in normal brain tissue (127.
A low-molecular weight compound could be split from the ganglio-
sides by heating them in a sealed bomb with methanolic hydrogen
chloride (13,1^,18). The compound gave a positive ninhydrin test
and was given the name neuraminic acid.
Another similar substance was isolated during an investigation
of the carbohydrate mo'ities of the glycoproteins (proteins contain-
ing a carbohydrate prosthetic group) of bovine submaxillary glands
(15). A crystalline solid was isolated which gave positive orcinol
and Ehrlich tests and formed charcoal when heated with mineral acids.
It was later named sialic acid (16).
Sialic acid was rather unstable and decomposed quickly on stand-
ing (17). A stable methoxy derivative of sialic acid could be formed
by heating the acid with methanolic hydrogen chloride (l-9).
Still another similar substance was found during a study of the
effect of hemagglutination by influenza virus. The effect is pro-
duced by treatment of a suspension of red blood cells from an animal
immunized against a virus strain with a suspension of the virus. A
clumping and flocculation of the cells is produced. It was found
that certain mucoproteins act as inhibitors for this effect (20) . The
V J
-J
«-i
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inhibitory power is lost if the protein is pretreated with the virus
During an attempt to characterize the products of the reaction be-
tween the raucoproteln and influenza virus it was found that a
water-soluble dialyzable substance was split from the mucoprotein.
Like the neuraminic acid it gave a positive Ehrlich test without
alkali pretreatment, produced charcoal on treatment with mineral
acids, and contained nitrogen. The presence of a keto group was
shown by the Seliwanoff test, and of a free reducing group by y^fbili
to reduce ferricyanide ion (2l). In the earlier reports this com-
pound was referred to as the "split product".
ty
The fact that neuraminic acid, sialic acid, and the split pro-
duct all gave a positive Ehrlich test without alkaline treatment made
it seem possible that the substances were pyrrole derivatives. An
alkaline hydrolysate of beef submaxillary gland mucoprotein was found
to contain 2-carboxypyrrole (22). The product was compared with a
synthetic sample of 2-carboxypyrrole, and the two substances proved
to be identical in their FU values in several solvents and ultra-
violet absorbtion spectrum (23). The preparation of the synthetic
material is outlined below (24
CH
!H{„ i
CH
H
•
+ CH3 Mgl --> CH4 +
CH-
CH
-CH
L CO--JYfgl -->
H
CH-
H
CH
I
J COOH
2-carboxypyrrole
H2
~>
CH2-
I
CH2
-CHa
CH COOH
H
2-carboxypyrrolidine
The derivat
was identical wi
possibility that
was excluded by
of the material
by the investiga
point at which 2
split product wi
also produced 2-
ive formed by hydrogenation of the natural product
th an authentic sample of 2-carboxypyrrollidine. The
2
-carboxypyrrole was present in the natural material
an examination of the ultra-violet absorbtion spectrum
before hydrolysis . Contrary to the results expected
tors, no absorbtion peak was found near 256 mu, a
-carboxypyrrole absorbs intensely. Treatment of the
th 0.1 N. sodium carbonate for ten minutes at 100 °C.
carboxypyrrole
.
!...i
: ;..,-
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It seemed probable that the natural products contained an amino
acid which on treatment with very mild alkali would form 2-carboxy-pyrro^e. Treatment of 2-carboxypyrrolidine (proline), k- -hydroxy -2
-
carooxypyrroxidine, and N-acetylglucosamine with 0.1 N. sodium
carbonate did not cause this transformation. It was postulated thatthe structure of the natural product might be that of compound (i)below and the following reaction scheme was proposed for theformation of 2-carboxypyrrole from sialic acid (25):
COOH
i
C=0
h Hj
*H0CH
HiNH-C-CH3
alkali
100°C.
-#
CHOH (I)
i *
CHOH
I *
CHOH
CH20H
natural product
COOH
r
ch2
HOH
H6
CHOH
CHOH
I
CHOH
iH20H
(II)
HO
hc.
1
I
CHOH
6hoh
CHOH
i
CH2 0H
CH
I
C
-N^ xC00H
(III)
^N- "COOH
H
2-carboxypyrrole
(IV)
*0ne of the H 's is replaced by an acetyl group
The proposal that a hexosamine might be built into the molecule
was advanced, retracted, and later advanced again. It was first
assumed that the sugar was split out under the conditions of the
Ehrlich test. Attempts were made to test this assumption by a
spectrophotometry comparison of the color produced in the Ehrlich
reaction by N-acetylgalactosamine, the split product, and sialic acid,
(20). The proposal was later believed to be wrong, however, after
it was demonstrated that no hexosamine was liberated from the natural
products upon acid hydrolysis, (l6,26). It was assumed that the
hexosamine was attached to the rest of the molecule by a glycosidic
linkage, which should be easily hydrolysed.
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The formula shown by structure (l) contains a hexosamine
residue bound by an aldol linkage to the rest of the molecule. The
structure is consistent with the following observations (27): Sialic
acid prepared from bovine submaxillary mucin contains an N-acetyl
group, an O-acetyl group, and five hydroxyl groups. Periodate splits
off one primary alcohol group from the molecule. On treatment with
concentrated sulfuric acid carbon monoxide was liberated, probably
indicating an a-hydroxy or keto group. The reduction of sialic
acid with sodium borohydride and subsequent treatment of the products
with dilute hydrochloric acid at 100°C. produced no reducing sub-
stance. This excludes the presence of a glycosidic linkage in the
molecule.
Evidence for the existence of the reaction (HlKlV) was pro-
vided by condensing glucosamine with pyruvic acid in an alkaline
medium. The two compounds would be expected to undergo a Khcrr
reaction under these conditions to form (ill). It was possible to
isolate 2-carboxypyrrole form the reaction mixture (28).
H
H^NHa
(choh) 3
CH2OH
CH3
COOH
III loss IV
of
tetrone
The formation of charcoal from compounds similar to neuraminic
acid on treatment with mineral acid may be explained by a decarboxy-
lation and deacetylation of the structure shown in formula (l) to
form a 2-desoxy-4-amino-octoae . It is well known that 2-desoxy sugars
are extremely sensitive to treatment with mineral acids (30, 31 ).
The compounds similar to neuraminic acid so far discussed bear a
close chemical relationship to each other. Bovine sialic acid con-
tains two acetyl groups, the split product one, and neuraminic acid
none (52). That the sialic acid from bovine submaxillary glands was
a derivative of neuraminic acid was shown by treating the former
substance with methanolic hydrogen chloride in a sealed bomb at
105°C. The product was identified as neuraminic acid.
It was at first believed that the hexose structure built into
sialic acid was D-glucosamine. The split product can be transformed
into N-acetylglucosamine, carbon dio^Me, and an unidentified two-
carbon fragment by treatment with pyridine and nickel acetate (28).
Chemical degradation of bovine sialic acid gives several products,
one of which is N-acetylglucosamine (33 )• A compound identical to
the split product was synthesized in low yields by leaving a mixture
of N-acetylglucosamine and oxalacetic acid at pH 10-11 for three
days (3^35). Sialic acid may be split to pyruvic acid and N-
acetylglucosamlne by extracts of vibrio cholera
e
(3b). An enzyme from
Clostridium Perfringens was found, however, which cleaved the split
product to pyruvic acid and N-acetyl -D-mannosamine (37). The enzyme
would catalyze the formation of the split product from pyruvic acid
and N-acetyl -D-mannosamine, but not from the glucosamine or
galactosamine derivatives. It was recently found that N-acetyl -*]>-
glucosamine may be isomerized to N-acetyl -D-mannosamine under the
conditions used in the preparation of the split product from
N-acetyiglucosamine and oxalacetic acid.
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Natural products similar to neuraminic acid have been found in
a dozen or more types of animal tissue. In many cases the substance
was identified by the formation of a red color in the orcinol test,
with no attempt made to determine structure (38-59). Sialic acid
preparations from horse and pig submaxillary glands differ from the
bovine product in their X-ray diffraction patterns (27). The
difference may be due to differences in the acyl groups bound to the
molecule (60, 6l). The three authors who have done by far the
greater part of the work in the field, G. Blix, A. Gotts chalk, and
E. Klenk, have recently published a joint paper which summarizes the
nomenclature they have agreed upon (62). The unsubstituted parent
compound shown below is designated neuraminic acid.
H0CH2-(CH0H) 3 -CHN,H-CH0H-CH2-A-COOH
In the future, "sialic acid r! will be used as a group name for
acetylated derivatives of neuraminic acid. An acid previously named
haematinic acid isolated from horse blood cells (29,63,64; proved
to be identical with methoxyneuraminic acid (65). Two other acids,
probably quite similar to if not identical with N-acetylneuraminic
acid have been reported. Gynaminic acid was prepared from human milk
during an attempt to isolate a growth -promoting factor for a bacteria,
lactobacillus bifidus . It was at first believed to differ from
N-acetylneuraminic acid because of an ambiguous elemental analysis
and acetyl determination. The substance was found later to be chromato-
graphically inhomogeneous . The infrared absorbtion spectrum and
elemental analysis of a pure preparation of the material made it
appear to be identical with N-acetylneuraminic acid (67). Although
purified gynaminic acid preparations have no activity as growth
factors for the bacteria they are isolated from the saccharide
fractions having the highest activity.
A similar substance, isolated from cow's milk as a crystalline
derivative, was called lactiminic acid (68,69). It has the same
empirical formula as N-acetylneuraminic acid. From
tissue was isolated (70) a "neuraminlactose ", which
treatment gave N-acetylneuraminic acid and lactose,
proposed for this compound is shown below (67).
rat mammary gland
on mild acid
The structure
-CH-QH-CHOH-CHOH-CHOH
I i
Glucose Residue
\
—
Hi OH"-,
HOCH
*— CH
1
HC-
HOOC
0-
*J /
^-CHOH %
CB2 "^CNHCCHa
OH
HCOAC
\ CH20H /
Galactose Residue
r
HCOH
CH20H
Sialic Acid
.> .:. r.-j .: _
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Both neuraminic acid and its N-acetyl derivative have strong
reducing power. A two per cent solution of bovine submaxillary
mucin, however, does not reduce the weakly basic Benedict's reagent.
Reduction takes place when the more strongly basic Fehling's
reagent is used. This finding indicated a masking of the reducing
group by an alkali sensitive glycosidic link. The pretreatment of
the mucin with a viral enzyme increased its reducing power greatly.
The low non-amino sugar content and high galactosamine content of
the mucin (71,72) suggested galactosamine was a partner in the bond,
a suggestion that was upheld by a chromatographic examination of the
barium hydroxide hydrolysa.te of the mucin \13). Neuraminic acid, a
spot found when N-acetylgalactosamine was subjected to the same con-
ditions, and an unknown compound were found on the chromatogram
.
Treatment of the unknown with a culture of influenza virus liberated
neuraminic acid. Heating of the unknown with barium hydroxide at
100°C. for six hours gave 2-carboxypyrrole and a compound found to
be produced from N-acetylglucosamine under the same conditions.
Neuraminlactose was treated with a culture of influenza virus,
and the sialic acid present was liberated. The original material
is thought to contain sialic acid joined to a galactose moiety by
an O-glycosidic linkage. If the influenza virus enzyme is fairly
specific and will act only on O~glycosidic linkages the sialic acid
may be joined by such a linkage in all influenza-virus -inhibitory
mucoproteins
.
A high-molecular-weight substance similar to sialic acid has
been found in cultures of Escherichia coli and has been named
colominic acid, (7^). Work has been done on the linkage of neuraminic
derivatives in the gangliosides (25). Because of the wide occurence
of neuraminic acid derivatives in animal tissue it has been postulated
that they may serve as virus antagonists. No quantitative relation-
ship was found, however, between the concentration of sialic acid
and in a mucin sample (as measured (76,77) by the depth of color
in the orcinol test) and its virus inhibitory activity (73). The
biological role of the neuraminic acid derivatives is not known.
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